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PREFACE 
TO THE AMERICAN EDITION. 



The appearance of this work in 1833 forms an im- 
portant era in the history of astronomy, and it wcus re- 
ceived with lively satisfaction by American as well as 
British scholars. To the former it was particularly 
acceptable, for it furnished to the general reader inform- 
ation nowhere else to be obtained. It is seldom that 
men who have arrived at great distinction in their fa- 
vourite pursuit, have condescended to write a plain 
and simple treatise suited to the wants of those who 
have just passed the threshold of science. Still 
more seldom has it been the lot of an individual to 
write a work alike acceptable to the beginner and the 
adept. The author's powers of minute observation— of 
pursuing long and complicated trains of reasoning— of 
embracing in one general view the results of years of 
labou|y«M research — his fertile invention of expedients 
for prc^fttlng instrumental power and accuracy — and 
above SI; his untiring devotion to this his hereditary 
science — were ki^wn to the few who had access to the 
journals in which his brilliant discoveries were pub- 
lished. From the great mass of American readers and 
students, they were concealed by the limited circula- 
tion of learned transactions; while the few were admit- 
ted to the more authentic sources of knowledge, the 
many were still pursuing the same perpetual round of 
antiquated text-books, replete with the science of a 
former age, but too often encumbered with groundless 
or erroneous theories, which had once met with popu- 
lar fevour from the celebrity of their autliors. 

How often have our popular lecturers repeated, and 
our popular text-books confirmed, as a truth resting 
upon the evidence of observation, the sublime concep- ^ 
tion of the elder Herschel, of a movement of our sys- 
tem in space with inconceivable swiftness ! This motion 
was said to be evinced by a gradual approach together 
c^the stars in one part (h the heavens, and a departure 
from each other in the opposite part Since the exten- 
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XU PREFACE 

Stars, (606) Sir John Herschel remarks, •* the author 
of these pages has himself attempted to Contribute tiis 
mite to these interesting investigations." This is the 
Only mention he has permitted himself to make of his 
great discoveries. It is proper in this introductory no- 
tice of the work to state that the learned world have 
with one consent, awarded to Sir John F. W. Herschel 
the merit of the achievements there mentioned ; and for 
them he has received one of the medals of the Royal 
Astronomical Society, and the honour of knighthood 
from his sovereign ; — as if any marks of royal favour 
could add lustreto a name that must be indelibly as- 
sociated with the revolutions of the binary stars as 
that of Newton is with those of the bodies in our own 
system ! 

The first suggestion, that several pairs of stars enu- 
merated in (604) were connected together by the laws 
of gravity, was undoubtedly due to Sir William Her- 
schel. M. Savary publiished a method by which the 
elliptic elements of the orbits of binary stars might be 
determined from several perfect observations. But to 
Sir John Herschel belongs the merit of fir^jaointing 
out the proper mode of observing the doub^^Vs ; in 
the field of observation he has taken the^Bra, and 
finally he has been the first to invent a method by 
which observations necessarily erroneous, are made to 
fiirnish the elements for their own correction, and for 
the complete determination of the orbit to which they 
relate. This novel and ingenious method, partly ana- 
lytical and partly graphic or tentative^ is published at 
length in the fifth volume of the Memoirs of the Astro- 
nomical Society of London. The orbits of several pairs 
of binary stars are there given, and are established on 
a basis as immutable as the laws of geometry. Two 
of them, I Bootis, and y Virginis, have found their way 
into the British Nautical Almanac for 1835. The recent 
observations of Professor Struve have confirmed their 
accuracy, and in all ages they will remain the monu- 
ments of the genius of the author of this volume. 

Previous to his departure in 1833 for the Cape of 
Good Hope, the number of binary stars was nearly 
forty — more will no doubt be added toH;he list by his 
observations in the southern hemisphere : indeed, in a 
letter to Professor Schumacher, in February 1835, he 
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announces the discovery of one of these systems. At 
the same time he describes several nebulae of singular 
appearance.* An extract from the letter is given in 
the note. Tiie list of nebula will serve to complete the 
list inserted in (615.) 

* " Having^ made my Hrrangements so as to allow me to com- 
mence erecting the instniments (the 20 feet reflector, and the 7 
^t equatorial achromatic,) while the house was preparing for 
our reception, the reflector was already in a condition for viewing 
miscellaneous objects. In the interval between that time and the 
fifth of March, when the regular series of my sweeps commenced, 
you^nay suppose that it was not suflfered to remain idle. I had 
already by the aid of a small and very portable reflector of $ 
feet focal length, with an object mirror of 9 inches diameter, on 
tlie Newtonian construction, (the same formerly employed by my 
aunt as a comet-seeker, and which immediately on our arrival I 
erected in the garden of our temporary residence) become fami- 
liar with most of the great objects of the southern circum polar 
regions so rich in wonders — such as the two Magellanic clouds—- 
the great nebula about tj Argus — the great clusters to Centauri, 
and 47 Toucanl, &c. I may truly say that I felt repaid by the 
views thus obtained of these most astonishing phenomena for all 
tlie tM|ii^nd inconveniences of our voyage htthcr. They are 
redlM^^^mificeut, and such as no 4<i8cription can do justice to. 

^ jnimib year has elapsed from the commencement of my 
sweeps, to the day (March 5th, 1835,) on wliich I now resume 
this letter. It will give some idea of tlie clearness of our South 
Africvi sky, when I state that in that interval I have registered 
^27 sweeps, and when it is recollected tliat owing to the invisi:. 
Dility of the nebulse by moonlight, the interval between the sev- 
enth and eighteenth days of the moon*s age is not available for 
sweeping. In these sweeps of course a considerable catalogue 
both of nebulee and double stars has been collected, some of more 
and some of less interest Among the former the most curious 
no doubt are the planetary and annular uebulsB, both by reasofi 
of tlieir rarity and their singular and problematic construction j** 
among them are "R. A I^ 6-* N. P. D. 131® 45'. A perfecdy 
sharp, well defined, uniform disc, 10 or 12'' in diameter. — ^R. A« 
10" 0- N. P. D. 123*' 37', a verj^ brilliant, large, uniform, ejliptio 
disc 30" diameter, sharply terminated, and having in or on it, but 
eccentrically placed, a star of the ninth magnitude. — ^R. A 11" 42a 
N. P. D. 146** 14'. — A beautifVd round planetary nebula, as sharply 
terminated as a planet, of a perfectly uniform light, and of a fine 
blue colour approaching to green ; the only insulated object of a 
decided blue colour I have ever obeervod in the heavens. 

J. F. W. Herbchel.*' 
B 
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The other original discovery of this century is that 
of the resisting medium by Encke. As this is blended 
with another of great importance, that of an error in 
Jupiter^s estimated mass, they will both be noticed to- 
gether. 

The masses of any two primary bodies that have 
secondaries revolving round them,' are to each other 
directly as the cubes of the mean distances, and inverse- 
ly as the squares of the periodical times of these secon- 
aaries * Hence it is only necessary to measure the 
elongations of one of Jupiter's satellites, (the fourth ad- 
mits of greatest accuracy) and thence from the oth^ 
known elements of the orbit of the satellite to deter- 
mine its mean distance, in order to deduce the compa- 
rative masses of Jupiter and the sun. Laplace, from 
the observatioAis of Pound as reduced by Newton, (the 
originals having been lost) computed the mass of Jupi- 
ter to be TrA.mr ^^ ^^^^ ^^ ^^^ sun. This value was 
adopted in the first edition of his Mecanique Celeste. In 
the last edition he adopts for the mass of Jupiter Trb.»» 
a value deduced by Bouvard from tlie mutual pertur- 
bations of Jupiter, Saturn, and Uranus. Ii^&^fifth 
edition of his Systeme du Monde, in 1824, La^^^Bates 
that on applying to this computation of B(^^ffd his 
calculus of probabilities,. he finds that the probability 
is eleven million to one that Bouvard's value of Jupiter's 
mass, is not in error by a hundredth part of that vaTu^ 
But the decisions of the wisest judges in one age arti 
sometimes reversed by their successors the next, and 
not even Laplace, who after Newton was the profound- 
est mathematician of any age, has been exempted from 
the common lot. As if fortune had determined to pun- 
ish that great analyst for his bold invasion of her do- 
mains, the computations were already begun that were 
to ovetttirn this conclusion, and so completely has it 
been effected, that had Laplace survived his publication 
but twelve years, his candour would no doubt have 
admitted, that the probabilities are now at least a thou- 
sand to one that Bouvard's value wa& in error by near- 
ly twice its hundredth part. 

In 1822 Encke had found it impossible to reconcile 

* The mass of the secondary is supposed to be very small, other- 
wise it must be allowed for. — Editor, 
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the observed perturbations of his comet with Bouvard's 
mass of Jupiter. He had even then conceived the ne- 
cessity of admitting the existence of a resisting me- 
dium. — His opinions were further confirmed by the 
returns of his comet in 1825 and 1829, and accordingly 
in 1831 he announced with some hesitation, his befief 
that Bouvard's mass of Jupiter would require to be in- 
creased by nearly one-sixtieth of its value, and that 
even this correction would not account for the gradual 
diminution of his comet's major axis during ten revo- 
mtions since 1786. He accordingly gave an ephemeris 
of his comet for 1832, in which he adopted his new value 
for Jupiter's mass jusi.TVT^ and applied the correction 
for a resisting medium. 'This ephemeris corresponded 
with the comet's observed place in 1832 within the 
limits of the errors of observation, thus giving a strong 
confirmation of his opinions, and imposing upon him 
who should call them in question, the necessity of 
finding some other plausible explanation of this ob- 
served acceleration of the mean motion of his comet. 
In forming these conclusions, Encke had received the 
adv ice of Dr. Olbers respecting the resisting medium, 
andjMj^other strong reasons for adopting the new 
mai^^^Kipiter. Gauss, Nicollai, Encke, and Heiligen- 
stein^iff severally deduced the same values for Jupi- 
ter'S\nass, firom the respective perturbations of Pallas, 
JfUio, Vesta, and Ceres. It must be admitted that the 
^^eight of evidence in favour of the new estimate, from 
ffi^se concurrent testimonies, is overwhelming, and 
strongly confirms the belief in the theory of a resisting 
medium, which with Ekicke was the result of the same 
analjrtical Investigation. The mass of these four pla- 
nets, and especially of the four periodic comets, is so 
small that a variation in Jupiter's mass is measured by 
a much greater space of disturbed motion impressed 
upon these bodies than upon Saturn or Herschel. 

Hence the inference fi*om the former is liable to far 
less error than from the latter, where, from the small- 
ness of the space passed through by the disturbed body, 
the estimate is liable to imperfections from having 
blended with it the unavoidable errors of observation. 
A familiar illustration of this circumstance may be de- 
rived from the common operation of weighing with a 
j^ir of steelyards, where the accuracy of the numerical 
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value of the weight submitted to trial, depends upon 
the sraallness of the poise, and the greatness of the 
space passed through by it, for a small variation of the 
weight. It was much to be desired that new measures 
of the elongations of Jupiter's fourth satellite should 
be made to confirm or refute the hypothesis of Encke. 
In the fall of 1832, Professor Airy undertook the per- 
formance, and after a series of careful observations 
with excellent instruments, and after detecting several 
important errors in Laplace's elements of this satellite, 
he obtained a value y^Vy greater even than fincke's. 
This value has been confirmed by succeeding observa- 
tions in 1834 by the same gentleman, who obtained for 
this mass a value of yttVit* ^^ 1835, Professor Santini» 
of the observatory of Padua, by similar observations 
obtained -j^^jf for the mass of Jupiter,* and Encke's 
hypothesis again received an accession of strength 
from these new sources of evidence. The recent re- 
turn of his comet in 1835, observed in Europe, will 
throw more light upon the question; but can hardly 
produce any important change in its aspect. Biela^s 
comet observed in 1832, conmins the new mi 
piter by a similar observed acceleration ; bi 
new perplexity upon the question of a resisting 
Encke and Gauss find a diminution of nine 
day in the observed duration of its period due to this 
resistance. Valz, from the computations of DamoisestS^ 
finds this diminution to be eight tenths. Professor 
Santini, from his own elements, finds ibtir tenths, while 
Encke's formula and constant for computing this ac- 
celeration only accounts for a diminution of tntee hun- 
dredths of a day. The mean of the three results would 
show that Biela's comet experiences the resistance of a 
medium twenty-five times as powerful a§ that which is 
encountered by Encke's comet. Biela's comet, how- 
ever, has not been observed sufficiently to afford any 
other than a general conclusion in favour of the exist- 
ence of such a medium. 




* The importance of this correction will be readily estimated, 
when we consider that the eigfhtieth part of Jupiter's mass is 
more than f<>iir times the entire mass of the earth. The decision 
of it is of jEfrpat. i tility in jk rfbcting the solar, lunar, and planet> 
ary tables.^ — EdUur, 
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A. third body, which, from the nature of its substeince 
and motions, is calculated to have much influence in 
the decision of these questions is Halley's comet, (481) 
Which has returned to its perihelion since the publica- 
tion of this work — an event that was awaited with 
ffreat anxiety by astronomers. This comet seems des- 
tmed to exercise a powerful influence in deciding the 
fate of the most important theories that have ever been 
promulgated. In 1759 its return was looked for to de- 
cide forever the question concerning the extension of 
the Newtonian theory of gravity to the cometary world. 
The same interest was manifested in its late return, 
because on it in some degree rested the decision con- 
cerning the most important theory framed since that 
of Newton. Halley's comet, which is now undergoing 
the ordeal of investigation, will disappear from even 
telescopic vision in the spring of this year 1836. Exten- 
sive preparation has been made for the determination 
<tf its elements from its late return, by the rival schools 
ctf Grermany, France, and England. A complete dis- 
cussion of their bearing upon Encke's hypothesis, re- 
quires a labour that has hitherto been too great for even 
German assiduity and enterprise, which in this depart- 
ment have left notfiing untried. The labours of years 
have bebn bestowed upon it, and as yet the perturba- 
tions of its motions have only been computed with 
correctness for the two periods just completed. The 
question of its acceleration by a resisting medium, re- 
(;^uires for its decision the extension of these computa- 
tion|gJirough one or more of the earlier periods. This 
is sBA desideratum in astronomy. The comet passed 
its Hpft^^on on the morning of the sixteenth of No- 
vember. According to the predictions of Rosenberger 
and Ponlecoulant, this event should have occurred on 
the morning of the twelfl:h or thirteenth ; or if accele- 
rated by a resisting medium, seven and a half days 
earlier, and three days earlier still, if Bouvard's mass 
of Jupiter be correct Thus Airy's mass of Jupiter is 
confirmed ; but £ncke*s hypothesis of a resisting me- 
dium is, according to the present state of the science 
involved in new perplexities, for it is found by trial 
that no single estimate of the density of this medium, 
or of the law of its resistance, will satisfy the observa- 
tions of all three of the comets which are most liable to 
its influence. 

B2 
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Halley*s comet, In its present return, was firsf seen 
on the fifth of August, 1835, by Dumouchel, of the ob- 
servatory of the Collegio Romano in Rome, furnishing 
a fresh illustration of the clearness of an Italian sky^ 
through which the comet of 1811 was observed by 
Inghirami, several months after it had disappeared Grom 
view in more powerful telescopes in the north of Eu- 
rope. Halley's comet was seen in Berlin on the thir- 
teenth, in London on the twenty-third, and finally in 
Yale College by Messrs. Olmsted and Loomis, on the 
thirty-first of the same month. 

The return of this comet has fiirnished Arago with 
the opportunity of proving by optical experiments 
made in October 1835, what was generally believed 
before, that comets shine by reflected light. From the 
first to near the middle of October its brilliancy in- 
creased ; and its apparent motion among the stars in 
the northern hemisphere was extremely rapid. Its tail 
extended through four or five degrees in the heavens. 
At Kensington, Sir James South observed two tails in 
one of his large telescopes. This comet had a well 
marked nucleus, unlike the comets of Encke andBiela, 
which are represented as having only the appearance 
of a thin mist or cloud. In the last return of Biela'ii 
comet. Professor Struve observed a complete central 
occultation of a star of the ninth magnitude. The 
jstar's brilliancy was npt in the slightest degree dimin- 
ished. The brilliancy of Halley's comet surpassed ex- 
pectation, and seemed in some degree to confirm the 
opinion of Olbers that the diminution of its Jfe^llrtW^t® 
returns is owing to its having come to theperilfiS ai* 
on the present occasion, at the time when it wa CT ^ fto te 
from the earth. The visibility of Encke's comet in Au- 
gust, 1835, contrary to the expectations of fencke, seems 
also to confirm" this remark; and should Biela's comet 
be seen at its next return in 18^9, contrary to the ex- 
pectations of Santini, who has published an ephemeri^ 
of it — ^the idea of the gradual dissipation of comets will 
perhaps be banished from the minds of astronomers. 

It appears from the above remarks, that the theory 
of a resisting medium tau^^ht in this volume, does nof 
rest upon demonstrative evidence, and that the difficul- 
ties introduced into the science by the discovery of the 
three periodical comets, cannot be completely remoyexj. 



PREFACE XIX 

whether we receive it or reject it. While, therefore, a 
belief in its existence is inculcated, the reader should 
carefully distinguish between the nature of the evidence 
upon which it rests, and that of most of the other prin- 
ciples of astronomy. The complete proof of the truth 
of a theory requires a demonstration of the impossi- 
bility of every theory to which it is directly opposed. 
To establish this theory on such a basis, it would be 
necessary to prove that within the acknowledged limits 
of error with which the masses, periods, and other ele- 
ments of the planets and comets are known, there may 
not exist some combinationof causes which on the New- 
tonian theory of gravity, would explain the motions of 
this single comet, without involving the supposition of 
the existence of a resisting medium. As the heavens 
are infinite, and man's observation finite at best, it is 
probable that this will never be accomplished, and that 
the belief in the Enckian theory will fluctuate with fu- 
ture discoveries. 

If we admit this theory, the consequences which fol- 
low are of the grandest nature. The beautiful simpli- 
city of our system, as shown by the theorem of 
Lagrange, (515), (577), that the great machine of the- 
universe presents to the contemplative mind no indica- 
tions of beginning or end, is lost. The doom of ultimate 
decay seems stamped upon all the works of the Crea- 
tor. Though we cannot by any stretch of the imagi- 
nation embrace the period of the duration of the system, 
the conclusion still forces itself upon our minds that at 
las^t must end — ^that one by one the planets must be 
lo^Lthe mass of the sun — ^itself perhaps to be merged 
inSlKr suns, and to contribute by the immensity of 
its attractions, to the destruction of other systems. 
Though such will be the inevitable effect of a resisting 
medium, no individual of our species will witness the 
catastrophe ; for long before this event occurs our race 
will have been destroyed by the heat consequent upon 
the diminished orbit of the earth. 

Sears C. Walker. 
Philadblphta, ) 
February 15th, 1836. { 
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INTRODUCTION. 

(1.) In entering upon any scientific pursuit, one of the 
Mudent's first endeavours ought to be, to prepare hitf 
mind for the reception of truth, by dismissing, or at least 
loosening his hold on, all such crude and hastily adopted 
notions respecting th6 objeets and relations he is about 
to examine as may tend to embarrass or mislead him) 
and to strengthen himself, by something of an effort and 
H ilisolye, for the unprejudiced admission of any con* 
elttskni which shall' appear to be supported by careful 
obsenration and logical Argument, even should it prove 
of a n^tturiB ftdveifs^ to notkms he may have previously 
fortrte0'kit himself, 6r taken up, without examination, 
fm ihe'^itdit of othets. Such an e^ort is, in fact, t 
eommefteement of that intelleetual discipline which 
Ibrms one of the most impotent ends of all science. 
It is the first movement of approach towards that state of 
mental purity which sdone can fit us for a full and steady 
pereeptioh of moral beauty as weH as physical adaptation, 
it is the " euphrasy and rue" with which we must " purge 
our sight" before we can receive and contemplate as they 
are the lineaments of truth and nature. 

(fe.) There is no science which, more than astronomy, 
stands in need of such a preparation, or draws more 
largely on that intellectual liberality which is ready to 
adopt whatever is demonstrated, or conc^e whatever is 
rendered highly probablsy howeter new and uncommon 

7 
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the points of view may be in which objects the most 
familiar may thereby become phiced. Ahnost all its 
conclusions stand in open and striking contradiction 
with those of superficial and vulgar observation, and 
with what appears to every one, until he has understood 
and weighed the proofs to the contrary, the most posi- 
tive evidence of his senses. Thus, the earth on which 
he stands, and which has served for ages as the un- 
shaken foundation of the firmest structures, either of art 
or nature, is divested by the astronomer of its attribute 
of fixity, and conceived by K5m as turning swifUy on its 
centre, and at the same time moving onwards tfirough 
space with great rapidity. The snn and the moon, 
which appear to untaught eyes round bodies of no very 
considerable size, become enlarged in his imagination 
into vast globes, — the one approaching in magnitude to 
the earth itself, the other immensely surpassing it. The 
planets, which appear only as stars somewhat brightejr 
than the rest, are to him spacious, elaborate, ajid habit^ 
able worlds ; several of them vastly greater and far more 
curiously furnished than the earth he inhabits^ as there 
are also others less so ; and the stars themselvesy propedy 
so called, which to ordinary apprehension present only 
lucid sparks or brilliant atoms, are to him suns of varionii 
and transcendent glory— effulgent centres of life and li^t 
to myriads of unseen worlds : so that when, after dilatr 
ing his thoughts to comprehend the grandem^|( thos^ 
ideas his calculations have called up, and exhaulmig his 
imagination and the powers of his language to devise 
similes and metaphors illustrative of ihe immensity of 
the. scale on which his universe is constructed, he shrink^ 
back to his native sphere ; he finds it, in comparison, a 
mere point; so lost— even in the minute System to 
which it belongs — as to be invisible and unsuspected 
from some of its principal and remoter members. 

(3.) There is hardly anything which sets in a stronger 
light the inherent power of truth over the mind of 
man, when opposed by no motives of interest or passion, 
than the perfect readiness with which all these conclu>- 
sions are assented to as soon as their evidence is clearly 
apprehended, and the tenacious hold they iMsquire over 
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our belief when once admitted. In the conduct, therefore, 
of this volume, we shall take it for granted that our 
reader is more desirous to learn the system which it is 
its object to teach as it now stands, than to raise or re-< 
vive objections against it ; and that, in short, he comes 
to the task with a wilHng mind; an assumption which 
will not only save ourselves the trouble of piling argu- 
ment on argument to convince the skeptical, but will 
greatly facilitate his actual progress, inasmuch as he will 
find it at once easier and more satisfaictory to pursue from 
the outset a straight and definite path, than to be con- 
stantly stepping aside, involving himself in perplexities 
and circuits, which, after all, can only terminate in 
finding himself compelled to adopt our road. 

(4.) The method, therefore, we propose to follow is 
neither strictly the analytic nor the synthetic, but rather 
such a combination of both, with a leaning to the latter, 
as may best suit with a didactic composition. Our object 
is not to convince or refute opponents, nor to inquire, 
under the semblance of an assumed ignorance, for prin- 
ciples of which we are all the time in full possession— 
Lut simply to teach what we know., The moderate limit 
of a single volume, and the necessity of being on every 
point, within that limit, rather diffuse and copious in ex- 
planation, as well as the eminently matured and ascer- 
tained character of the science itself, render this course 
both piiccticable and eligible. Practicable, because there 
is now no danger of any revolution in astronomy, like 
those which are daily changing the features of the lesa 
advanced sciences, supervening, to destroy all our hypo- 
theses, and throw our statements into confusion. Eligible, 
because the .space to be bestowed, either in combating 
refuted systems, or in leading the reader forward by 
slow and measured steps from the known to the un- 
known, may be more advantageously devoted to such ex- 
planatory illustrations as will impress on him a familiar 
and, as it were, a practical sense of the sequence of phe- 
nomena, and the manner in which they are produced. 
W e shall not, then, reject the analytic course where it 
leads more easily and directly to our objects, or in any 
way fetter ourselves by a rigid adherence to method. 
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Writing only to be understood, and to communioaie a« 
much information in as little space as possiUe» consist- 
ently with its dUHnct and effectual communicationy we 
can afford to make no sacrifice to system, to form, or to 
affectation. 

(5.) We shall take for granted, from the outset, the 
Gopernican system of the world ; relying on the easy^ 
obvious, and natural explanation it affords of all the phe- 
nomena as they come to be described, to impress the 
student with a sense of its truth, without either the form- 
ality of demonstration or the superfluous tedium o[ 
eulogy, calling to mind that important remark of Bacon : 
— " Theoriarura vires, arcta et quasi se mutuo sustinente 
partium adaptatione, qu^, quasi in orbem cohaerent, fir- 
mantur;"* nor failing, however, to point out to the 
reader, as occasion offers, the contrast which its superior 
simplicity offers to the complication of other hypothefies. 

(6.) The preliminary knowledge which it is desin^ble 
. that the student should possess, in order for the more 
advantageous perusal of the following pages, consists in 
the familiar practice of decimal and sexagesimal arith- 
metic ; some moderate acquaintance with geometry and 
trigonometry, both plane and spherical ; tlie elementary 
principles of mechanics ; and enough of optics to under- 
stand the construction and use of the telescope, and some 
other of the ^simpler instruments. For the acquisition of 
these we may refer him to those other parts of .this Cy- 
clopaedia which profess to treat of the several subjects m 
question. Of course, the more of such knowledge he 
brings to the perusal, the* easier will be his progress, and 
the more complete the information gained ; but we shall 
endeavour in every case, as far as it can be done with- 
out a sacrifice of clearness, and of that useful brevity 
which consists in the absence of prolixity and episode, 
to render what we have to say as independent of other 
l>ooks as possible. 

(7.) After all, we must dbtinctly caution such of our 
readers as may commence and terminate their astronomi- 

* The confirmation of theories relies on the compact adaptati(»i of 
tiieir parts, by which, tike those of an arch or dome, they mutqaUv 
•utain each other, and fimn a coherent whole. 
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cal studies with the present work (though of such, — at 
least in the latter predicament, — we trust the number will 
be few), that its utmost pretension is to place them on 
the threshold of this particular wing of the temple of sci- 
ence, or rather on an eminence exterior to it, whence 
they may obtain something like a general notion of its 
structure ; or, at most, to give those who may wish to 
enter, a ground-plan of its accesses, and put them in pos- 
session of the pass-word. Admission to its sanctuary, 
and to the privileges and feelings of a votary, is only to 
be gained by one means,— -a sound and sufficient knotV' 
ledge ^mathematics^ the great instrument of all exact in- 
quiry^ without which no man can ever make such ad" 
vances in this or any other of the higher d^artments of 
science^ as can entitle him to form an independent opi- 
nion on any subject of discussion within their range. It 
is not without an effort that those who possess this knaw- 
ledge can communicate. on such subjects with those who 
do not, and adapt their language and their illustrations to 
the necessities of such an intercourse. Propositions 
which to the one are almost identical, are theorems of 
import and difficulty to the other ; nor is their evidence 
presented in the same way to the mind of each. In 
teaching such propositions, under such circumstances, 
the appeal has to be made, not to the pure and abstract rea- 
son, but to the sense of analogy,— -to practice and expe- 
rience : principles and modes of action have to be esta- 
blished, not by direct argument from acknowledged 
axioms, but by bringing forward and dwelling on simple 
tukd familiar instances in which the same principles and 
the same or similar modes of action take place ; thus 
erecting, as it were, in each particular case, a separate 
induction, and constructing at each step a little body of 
science to meet its exigencies. The difference is that 
of pioneering a road through an un traversed country, and 
advancing at ease along a broad and beaten highway ; 
that is to say, if we are determined to make ourselves 
distinctly understood, and will appeal to reason at all. 
As for the method of assertion^ or a direct demand on 
ihe faith of the student (though, in some complex cases 
indispensable, where illustrative explanation would defeat 

C 
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its own end by becoming tedious and bnrdenikyme to both 
parties), it is one which we shall neithjBr adopt ourselves 
nor would recommend to others. 

(8.) On the other hand, although it is something' new 
to abandon the road of mathematical demonstration in the 
treatment of subjects susceptible of it, and teach any con- 
siderable branch of science entirely or chiefly by the way 
of illustration and familiar parallels, it is yet not impossi 
ble that those who are already well acquainted wiUi onr 
subject, and whose knowledge has been acquired by that 
confessedly higher and better practice which is incompa- 
tible with the avowed objects of the present work, may 
yet find their account in its perusal, — for this reason, that 
it is always of advantage to present any given body of 
knowledge to the mind in as great a variety of diflferent 
lights as possible. It is a property of illustrations of tiiis 
kind to strike no two minds in the same manner, or with 
the same force ; because no two minds are stored with 
the same images, or have acquired their notions of them 
by similar habits. Accordingly, it may very well hap- 
pen, that a proposition, even to one best acquainted with 
it, may be placed not merely in a new and uncommon, 
but in a more impressive and satisfactory light by such 
a course — some obscurity may be dissipated, some inward 
misgiving cleared up, or even some link supplied which 
may lead to the perception of connexions and deductions 
altogether unknown before. And the probability of this 
is increased when, as in the present instance, the illustra- 
tions chosen have not been studiously selected from books, 
but are such as have presented themselves freely to the 
author's mind as being most in harmony with his own 
views ; by which, of course, he means to lay no elaim 
to originality in all or any of them beyond what they 
may really possess. 

(9.) Besides, there are cases in the application of me- 
chanical principles with which the mathematical student 
is but too familiar, where, when the data are before him, 
tmd the numerical and geometrical relations of his pro- 
blems all clear to his conception,— when his forces are 
estimated and his lines meaj^ired, — ^nay , when even he has 
followed up the application of hjs technical processes, and 
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fkiriy arrived at his conclusion, — there is still something 
wanting in his mind — not in the evidence, for he has ex- 
amined each link, and finds the chain complete — not in 
tiie principles, for those he well knows are too firmly es- 
tablished to be shaken — ^but precisely in the mode of aC" 
Hon. He has followed out a train of reasoning by logical 
and technical rules, but the signs he has employed are not 
pictures of nature, or have lost their original meaning as 
such to his mind : he has not seen, as it were, the pro- 
cess of nature passing under his eye in an instant of time, 
and presented as a whole to his imagination. A familiar 
parallel, or an illustration drawn from some artificial or 
natural process, of which he has that direct and individual 
impression which gives it a reality and associates it with 
a name, will, in almost every such case, supply in a mo- 
ment this deficient feature, will convert all his symbols 
into real pictures, and infuse an smimated meaning into 
what was before a lifeless succession of words and signs. 
We cannot, indeed, always promise ourselves to attain 
this degree of vividness in our illustrations, nor are the 
points to be -elucidated themselves always capable of be- 
ing so parapkrased (if we may use the expression) by 
any single instance adducible in the ordinary course of' 
experience ; but the object will at least be kept in view"; 
and, as we are very conscious of having, in making such- 
attempts, gained for ourselves much clearer views of seve- 
ral of the more concealed effects of planetary perturba- 
tion than we had acquired by their mathematical investi- 
gation in detail, we may reasonably hope that the endeavour 
will not always be unattended with a similar success in 
others. 

(10.) From what has been said, it will be evident that 
our aim is not to offer to the public a technical treatise, 
in which the student of practical or theoretical astronomy 
shall find consigned the minute description of methods 
of observation, or the formulae he requires prepared to 
his hand, or their demonstrations drawn out in detail. In 
all these the present work will be found meagre, and quite 
inadequate to his wants. Its aim is entirely different ; be- 
ing to present in eabti ease the mere ultimate rationale of 
hc\»f arguments, and processes ; and, in all cases of mathe- 
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matical application, avoiding whatever would tend. to en- 
cumber its pages with algebraic or geometrical 83mibolB, 
U> place under his inspection that centra] thread of com- 
mon sense on which the pearls of analytical researeh are 
invariably strung ; but which, by the attention the lattei 
claim for themselves, is often concealed .from the ey^ of 
the gazer, and not always disposed in the etraighteet and 
most convenient form to follow by those who string ihenaL 
This is no fault of those who have eondueted the inqiu* 
ries to which we allude. The contentimi of 0M9d foi 
which they call is enormous ; and it may, perbajKi^ be 
owing to their experience of kiow little can be accompush- 
ed in carrying such processes on to their conchision, by 
mere ordinary clearness of heed; and how necessavy it 
often is to pay more attention to the purely mathematical 
conditions which insure success, — ^the hooks-and-eyes of 
their equations and series, — than to those which enehain 
causes with their effects, and both with the human rea- 
8on, — that we must attribute something of that indistinct* 
ness of view which is often complained of as a grieyanee 
by the earnest student, and still more commonly ascribed 
ironically to the native cloudiness of an atmospheie too 
sublime for vulgar comprehension. We think we shall 
r^der good service to both classes of readei)?, by dissi- 
pating, so far as our power lies, that accidental ob8carity» 
and by showing ordinary untutored ccHnpreheneionclearlf 
what it can^ and what it cannot^ hope to attain. 



CHAPTER I. 

General Notion»— Form and Magnitode of &e E^arth-*^onzon and it« 
Dip— The Atmosphere — Refraction — ^Twilight— Appearances result, 
ing from diurnal Motion — Parallax — ^First Btep towards ibrming aq 
Idea of the Distance of the Stars — Definitions. 

(11.) The magnitudes, distances, arrangement, and 
motions of the great bodies which make up the visible 
universe, their constitution and physical condition, so 
far as they can be known to us, vdth their mutual in- 
fluences and actions on each other, so far as they can be 
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traced by the effects produced, and established by legi- 
timate reafioning, form the assemblage of objects to. 
which the attention of the astronomer is directed. The 
term astronomy* itself, which denotes the law or rCQe 
of the astra (by which the ancients understood not only 
the stars properly so called, but the sun, the moon, and 
all the visible constituents of the heavens), sufficiently 
indicates this ; and, although the term astrology, which 
denotes the reason^ theory ^ or interpretation of the 
stars,t has become degradea in its application, and con- 
fined to superstitious and delusive attempts to divine 
future events by their dependence on pretended plane- 
tary influences, the same meaning originally attached 
itself to that epithet. 

(12.) But, besides the stars and other celestial bodies, 
the earth itself, regarded as an individual body, is one 
principal object of the astronomer's consideration, and, 
indeed, the chief of all. It derives its importance, in a 
practical as well as theoretical sense, not only from its 
proximity, and its relation to us as animated beings, 
who draw from it the supply of all our wants, but as the 
station from which we see all the rest, and as the only 
one among them to which we can, in the first instance, 
refer for any determinate marks and measures by which 
to recognise their changes of situation, or with which to 
compare their distances. 

(13.) To the reader who now for the first time takes 
up a book on astronomy, it will no doubt seem strange 
to class the earth with the heavenly bodies, and to as- 
sume any community of nature among things apparently 
so different. For what, in fact, can be more apparently 
different than the vast and seemingly immeasurable ex- 
tent of the earth, and the stars, which appear but as 
points, and seem to have no size at all ? The earth is 
dark and opaque, while the celestial bodies are brilliant. 
We perceive in it no motion, while in them we observe 
a continual change of place, as we view them at different 

" Aa-ri]^ , a star ; *»m«s, a law ; or vi^uv, to tend, as a shepherd his flock; 
■o that »rTfoyonos means "shepherd of the stars." The two etymologi 
are, however, coincident. 

t Aey*c, reoMM, OF a W9rd, the vehicle of reaaoD ; the interpreter of 
thought ^ ^ 
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hours of the day or night, or at diflferent seasons of the 
year. The ancients, accordingly, one or two of the more 
enlightened of them only excepted, admitted no such 
community of nature ; and, hy thus placing the heavenly 
bodies and their movements without the pdie of analogy 
and experience, effectually intercepted the progress of 
all reasoning from what passes here below, to what is 

foing on in the regions where they exist and move. 
Fnder such conventions, astronomy, as a science of 
cause and effect, could not exist, but must be limited to 
a mere registry of appearances, unconnected with any 
attempt to account for them on reasonable principles. 
To get rid of this prejudice, therefore, is the first step 
towards acquiring a knowledge of what is really the 
case ; and the student has made his first effort towards 
the acquisition of sound knowledge, when he has learnt 
to familiarize himself with the idea that the earth, afler 
all, may he nothing but a great star. How correct such 
an idea may be, and with what limitations and modifica- 
tions it is to be admitted, we shall see presently. 

(14.) It is evident, that, to form any just notions of 
tliff arrangement, in space, of a number of objects which 
we cannot approach and examine, but of which all the 
information we can gain is by sitting still and watching 
their evolutions, it must be very important for us to 
know, in the first instance, whether what we' call sitting 
still is really such : whether the station from which we 
view them, with ourselves, and all objects which im- 
mediately surround us, be not itself in motion, unper- 
ceived by us ; and if so, of what nature that motion is. 
The apparent places of a number of objects, and their 
apparent arrangement with respect to each other, will 
of course be materially dependent on the situation of the 
spectator among them ; and if this situation be liable to 
change, unknown to the spectator himself, an appearance 
of change in the respective situations of the objects will 
arise, without the reality. If, then, such be actually 
the case, it will follow that all the movements we think 
we perceive among the star." williiot be real movements, 
but thai some part, at least, of whatever changes of re- 
lative place we perceive among them must be merely 
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apparent, the results 6f the shifting of our own point of 
view ; and that, if we would ever arrive at a knowledge 
of their real motions, it can only be by first investigating 
our own, and making due allowance for its effects. 
Thus, the question whether the earth is in motion or al 
rest, and if in motion, what that motion is, is no idle in- 
quiry, but one on which depends our only chance of 
arriving at true conclusions respecting the constitution 
of the universe. 

(15.) Nor let it be thought strange that we should 
speak of a motion existing in the earth, unperceived by 
its inhabitants : we must remember that it is of the earth 
as a whole, with all that it holds within its substance, 
or sustains on its surface, that we are speaking ; of a 
motion common to the solid mass beneath, to the ocean 
which flows around it, the air that rests upon it, and the 
clouds which float above it in the air. Such a motion, 
which should displace no terrestrial object from its re- 
lative place among others, interfere with no natural pro- 
cesses, and produce no sensations of shocks or jerks, 
might, it is very evident, subsist undetected by usi* 
There is no peculiar sensation which advertises us th«t: 
we are in motion. We perceive jerks, or shocks, it Li- 
true, because these are sudden changes of motion, pro- 
duced, as the laws of mechanics teach us, by sudden 
and powerful forces acting during short times ; and these 
forces, applied to our bodies, are what wefeeL When, 
for example, we are carried along in a carriage with the 
blinds down, or with our eyes closed (to keep us from 
seeing external objects), we perceive a tremor arising 
from inequalities in the road, over which the carriage is 
successively lifted and let fall, but we have no sense of 
progress. As the road is smoother, our sense of motion 
is diminished, though our rate of travelling is accelerated. 
Those who have travelled on the celebrated rail-road 
between Manchester and Liverpool testify that but for 
the noise of the train, and the rapidity with which ex- 
ternal objects seem to dart by them, the sensation is al- 
most that of perfect rest. 

(16.) But it is on shipboard, where a great system is 
maintained in motion, and where we are surrounded 
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with a multitude of objects which participate with our- 
selves and each other in the common progress of the 
whole mass, that wo feel most satisfactorily the identity 
of sensation between a state of motion and one of rest. 
In the cabin of a large and heavy vessel, going smoothly 
before the wind in still water, or drawn along a canal, 
not the smallest indication acquaints us with the way it 
is making. We read, sit, walk, and perform every cus- 
tomary action as if we were on land. If we throw a 
ball into the air, it falls back into our hand ; or, if we 
drop it, it lights at our feet. Insects buzz around us as 
in the free air ; and smoke ascends in the same manner 
as it would do in an apartment on shore. If, indeed, 
we come on deck, the case is, in some respects, differ- 
ent ; the air, not being carried along with us, drifts away 
smoke and other light bodies — such as feathers aban- 
doned to it — apparendy, in the opposite direction to that 
of the ship's progress; but, in reality, they remain at 
rest, and we leave them behind in the air. Still, the 
illusion, so far as massive objects and our own move- 
ments are concerned, remains complete ; and when we 
look at the shore, we then perceivethe effect of our own 
motion transferred, in a contrary direction, to external 
objects — external, that is, to the system of which we 
form a part. 

" Provehimur porta, temeque urbesque recediint." 

(17.) Not only do external objects at rest appear in 
motion generally, with respect to ourselves when we 
are in motion among them, but they appear to move one 
among the other — they shift their relative apparent 
places. Let any one travelling rapidly along a high 
road fix his eye steadily on any object, but at the same 
time not entirely withdraw his attention from the gene- 
ral landscape, — he will see, or think he sees, the whole 
landscape thrown into rotation, and moving round that 
object as a centre ; all objects between it and himself 
appearing to move backwards, or the contrary way to 
his own motion ; and all beyond it, forwards, or in the 
direction in which he moves : but let him withdraw his 
eye from that object, and fix it on another, — a nearer 
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one, for instance, — immediately the appearance of ro- 
tation shifts also, and the apparent centre about which 
this illusive circulation is performed is transferred to the 
new object, which, for the moment, appears to rest. 
This apparent change of situation of objects with re- 
spect to one another, arising from a motion of the spec- 
tator, is called a parallactic motion ; and it is, therefore, 
evident that, before we can ascertain whether external 
objects are really in motion or not, or what their mo- 
tions are, we must subduct, or allow for, any such »a- 
rallactic motion which may exist. 

(18.) In order, however, to conceive the earth as in 
motion, we must form to ourselves a conception of its 
shape and size. Now, an object cannot have shape and 
size, unless it is limited on all sides by some definite 
outline, so as to admit of our imagining it, at least, dis-* 
connected from other bodies, and existing insulated in 
space. The first rude notion we form of the earth is 
that of a fiat surface, of indefinite extent in all directions 
from the spot where we stand, cU)ove which are the air 
and skt/ ; below, to an indefinite profundity, solid mat- 
ter. This is a prejudice to be got rid of, like that of tne 
earth's immobility ; but it is one much easier to rid our- 
selves of, inasmuch as it originates only in our own 
mental inactivity, in not questioning ourselves where we 
will place a limit to a thing we have been accustomed 
from infancy to regard as immensely large ; and does 
not, like that, originate in the testimony of our senses 
unduly interpreted. On the contrary, the direct testi- 
mony of our senses lies the other way. When we see 
the sun set in the evening in the west, and rise again in 
the east, as we cannot doubt that it is the aame sun we 
see after a temporary absence, we must do violence to 
all our notions of solid matter, to suppose it to have 
made its way through the substance of the earth. It 
must, therefore, have gone ur%der it, and that not by a 
mere subterraneous channel ; for if we notice the points 
where it sets and rises for many successive days, or for 
a whole year, we shall find ^em constantly shifting, 
round a very large extent of the horizon ; and, besides, 
the moon aod stars alfiaasli voA rise agaia in oU. points 
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of the visible horizon. The conclusion is plain : the 
earth cannot extend indefinitely in depth downwards, 
nor indefinitely in surface laterally ; it must have not 
only bounds in a horizontal direction, but also an under 
side, round which the sun, moon, and stars can pass; 
and that side must, at least, be so far like what we see, 
that it must have a sky and sunshine, and a day when it 
is night to us, and vice versa ; where, in short, 

— " redit a nobis Aurora, diemque reducit 
Nosque ubi primus equis oriens afflavit anhelii, 
Illic sera rubens acceudit lumina Vesper." Georg. 

(19.) As soon as we have familiarized ourselves with 
the conception of an earth vi'iihoxxi foundations or fixed 
supports — existing insulated in space from contact of 
every thing external, it becomes easy to imagine it in 
motion— or, rather, difficult to imagine it otherwise ; for, 
since there is nothing to retain it in one place, should 
any causes of motion exist, or ^xiy forces act upon it, it 
must obey their impulse. Let us next see what obvioos 
circumstances there are to help us to a knowledge of the 
shape of the earth. 

(20.) Let us first examine what we can actually see 
of its shape. Now, it is not on land (unless, indeed, on 
uncommonly level and extensive plains) that we can see 
any thing of the general figure of the earth ;— the hills, 
trees, and other objects which roughen its surface, and 
break and elevate the line of the horizon, though ob- 
viously bearing a most minute proportion to the whole 
earth, are yet too considerable, with respect to ourselves 
and to that small portion of it which we can see at a sin- 
gle view, to allow of our forming any judgment of the 
form of the whole, from that of a part so disfigured. 
But with the surface of the sea, or any vastly extended 
level plain, the case is otherwise. If we sail out of sight 
of land, whether we stand on the deck of the ship or 
climb the mast, we see the surface of the sea — not losing 
itself in distance and mist, but terminated by a sharp, 
clear, well defined line, or offing as it is called, which 
runs all round us in a circle, having our station for its 
centre. That this line is really a circle, we conclude, 
first, from the perfect apparent similarity of all its parti.; 
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and, secondly, from the fact of all its parts appearing at 
the same distance* from us, and that evidenUy a mode- 
rate one; and, thirdly, from this, that its apparent 
diameter, measured with an instrument called the dip 
sector J is the same (except under some singular atmo- 
spheric circumstances, which produce a temporary distor- 
tion of the outline), in whatever direction the measure 
is taken, — ^properties which belong only to the circle 
among geometrical figures. If we ascend a high emi- 
nence on a plain (for instance, one of the Egyptian py- 
ramids), the same holds good. 

(21.) Masts of ships, however, and the edifices erected 
by man are trifling eminences compared to what nature 
itself affords; JStna, Tenerifie, Mowna Roa, are emi- 
nences from which no contemptible cdiqttot part of the 
whole earth's surface can be seen ; but from these again 
—in those few and rare occasions when the transparency 
of the air will permit the real boundary of the horizon, 
the true sea-line, to be seen — the very same appearances 
are witnessed, but with this remarkable addition, viz. 
that the angular diameter of the visible area, as mea- 
sured by the dip sector, is materially less than at a lower 
level, or, in other words, that the apparent size of the 
earth has sensibly diminished as we have receded from 
its surface, while yet the absolute quantity of it seen at 
once has been increased. 

(22.) The same appearances are observed universally, 
in every part of the earth's surface visited by man. 
Now, the figure of a body which, however seen, ap- 
pears always circidar, can be no oUier than a sphere or 
globe. 

(23.) A diagram will elucidate this. Suppose the 
earth to be represented by the sphere LHNQ> whose 
centre is C, and let A, 6, M be stations at different 
elevations above various points of its surface, represent- 
ed by a, g*, m, respectively. From each of them (as 
from M) let a line be drawn, as MNn, a tangent to Uie 
surface at N, then will this line represent the visual ray 
along which the spectator at M will see the visible ho- 
rizon ; and as this tangent sweeps round M, and comes 
successively into the positions M O o, M P/>, M Q^, the 
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point of contact N will mark out on the surface the circle 
N O P Q. The area of this circle is the portion of the 




earth's surface visible to a spectator at M, and the angle 
NMQ included between the two extreme visual rays is 
the measure of its apparent angular diameter. Leaving, 
at present, out of consideration the effect of refraction in 
the air below M , of which more hereafter, and which 
alif&ys tends, in some degree, to increase that angle, or 
render it more obtuse, this is the angle measured by the 
dip sector. Now, it is evident, 1st, that as the point M 
is more elevated above m, the point immediately below 
it on the sphere, the visible area, t. c. the spherical seg- 
ment or slice NOPQ, increases ; 2dly, that the distance 
of the visible horizon* or boundary of our view from 
the eye, viz. the line MN, increases ; and, 3dly, thht 
the angle MNQ becomes less obtuse, or, in- other words, 
the apparent angular diameter of the earth diminishes, 
' ■ ii ■ ■ ■ ■ ■ ■ 
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being nowhere so great as 180°, or two right angles, 
but falling short of it by some sensible quantity, and that 
more and more the higher we ascend. The figure ex- 
hibits three states or stages of elevation, with Uie hori- 
zon, &,c, corresponding to each, a glance at which will 
explain our meaning ; or, limiting ourselves to the larger 
and more distinct, MNOPQ, let the reader imagine 
itNM, MQ^ to be the two legs of ^ ruler joined at M, 
and kc^t extended by the globe NmQ between them. 
It is clear, that as the joint M is urg^d home towards 
the surface, the legs will open, and the ruler will become 
more nearly straightj but will not attain perfect straight- 
ness till M is brought fairly up to contact with the sur- 
face Rim, in which case its whole length will become a 
tangent to the sphere at m, as is the line xy. 

(24.) This explains what is meant by the dip of the 
horizon. Mm, which is perpendicular to the general- 
surface of the sphere at m, is also the direction in which 
ti plumb-line* would hang; for it is an observed fact, 
that in all situations, in every part of the earth, the di- 
rection of a plumb-line i& exactly perpendicular to the 
surface of still-water; and moreover, that it is also ex- 
actly perpendicular to a line or surface truly adjusted by 
a spirit-level. * Suppose, tlien, that at our station M we. 
were to adjust a line (a wooden ruler for instance) by a 
spirit-level, with perfect exactness ; then, if we suppose 
ihe direction of this line indefinitely prolonged bath 
ways, as XMY, the line so drawn will be at right 
angles to Mm, and therefore parallel to xmy^ the tan- 
gent to the sphere at m. A spectator placed at M will 
therefore see not only all the vault of the sky above thi» 
line, as XZY, but also that portion or zone of it which 
lies between XN and YQ; in other words, his sky will 
be more than a hemisphere by the zone YQXN. It is 
the angular breadth of this redundant zone-^the angle 
YMQ, by which the visible horizon appears depressed 
below the direction of a spirit-level-— that is called the 
dip of the horizon. It is a correction of constant use ii| 
nautical astronomy. 

*S— thk inMUnent dewnbed in ehaa IL 

D 
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(25.) From the foregoing explanations it appears, 
Ist, That the general figure of the earth (so far as it can 
be gathered from this kind of observation) is that of a 
sphere or globe. In this we also include that of the sea, 
which, wherever it extends, covers and fills in those in- 
equalities and local irregularities which exist on land, 
but which can of course only be regarded as trifling de* 
viations from the general outline of the whole mass, as 
we consider an orange not the less round for the* rough- 
nesses on its rind. 2dly, That the appearance of a visi- 
hie horizon, or sea offing, is a consequence of the cur- 
vature of the surface, and does not arise from the inability 
of the eye to follow objects to a greater distance, or 
from atmospheric indistinctness. It will be worth while 
to pursue the general notion thus acquired into some of 
its consequences, by which its consistency with obser- 
vations of a different kind, and on a larger scale, will be 
put to the test, and a clear conception be formed of the 
manner in which the parts of the earth are related to 
each other, and held together as a whole. 

(26.) In the first place, then, every one who has passed 
a little while at the sea side is aware that objects may be 
seen perfectly well beyond the offing or visible horizon 
—but not the whole of them. We only see their upper 
parts. Their bases where they rest on, or rise out of 
the water, are hid from view by the spherical surface of 
the sea, which protrudes between them and ourselves^ 
Suppose a ship, for instance, to sail directly away from 
our station ; — at first, when the distance of the ship is 
small, a spectator, S, situated at some certain height 
above the sea, sees the whole of the ship, even to the 
water line where it rests on the sea, as at A. As it re- 
cedes it diminishes, it is true, in apparent size, but still 
the whole is seen down to the water line, till it reaches 
the visible horizon at B. But as soon as it has passed 
this distance, not only does the visible portion still con- 
tinue to diminish in apparent nze, but the hull begins to 
disappear bodily, as 'k sunk below the surface. When 
it has reached a certain distance, as at C, its hull 
has entirely vanished, but the masts and sails remain, 
presenting the appearance c. B«t if, in this state of 
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things, the spectator quickly ascends to a higher station, 
T, whose visible hpmon is at D, the hull comes again 
in sight ; and when ne descends again he loses it. The 
ship still receding, the lower sails seem to sink below 
the water, as at dy and at length the whole disappears : 
while yet the distinctness with which the last portion of 
the sail d is seen is such as to satisfy us that were it not 
for the interposed segment of the sea, ABODE, the dis- 
tance T£ is not so great as to have prevented an equally 
perfect view of the whole. 

(27.) In this manner, therefore, if we could measure 
the heights and exact distance of two stations which 
could barely be discerned from each other over the edge 
of the horizon, we could ascertain the actual size of the 
earth itself: and, in fact, were it not for the effect of re- 
fraction, by which we are enabled to see in some small 
degree round the interposed segment ^as will be here- 
after explained), this would be a tolerably good method 
of ascertaining it. Suppose A and B to be two emi- 




nonces, whose perpendicular heights A a and B b (which, 
for simplicity, we will suppose to be exactly equal) are 
known, as well as their exact horizontal interval aD6» 
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by measurement; then is it clear that D, the visi- 
ble horizon of both, will lie just hajf-way between 
them, and if we suppose dDb to be the sphere of 
the earth, and C its centre in the figure CD6B, we 
know D 6, the length of the arch of the circle between 
D and 6, — viz. half the measured interval, and b B, the 
excess of its secant above its radius — which is the height 
of B, — data which, by the solution of an easy geometrical 
problem, enable us to find the length of the radius D G. 
If, as is really the case, we suppose both the heights and 
distance of the stations inconsiderable in comparison with 
the size of the earth, the solution aUuded to is contained 
in the following proposition : — 

TTie eartli's diameter bears the same proportion to the 
distance of the visible horizon from the eye as that dis- 
tance does to the height of the eye above the sea level. 

When the stations are unequal in height the problem 
is a little more complicated. 

(28.) Although, as we have observed, the effect of 
refraction prevents this from being an exact method of 
ascertaining the dimensions of the earth, yet it will suf- 
fice tb afford such an approximation to it as shall be of 
use in the present stage of the reader's knowledge, and .. 
help him to many just conceptions, on which account 
we shall exemplify its application in numbers. Now, it 
appears by observation, that two points, each ten feet 
above the surface, cease to be visible from each other 
over still water, and in average atmospheric circum- 
stances, at a distance of about 8 miles. But 10 feet is 
the 528th part of a mile, so that half their distance, or 
4 miles, is to the height of each as 4 x 528 or 2112 : 1, 
and therefore in the same proportion to 4 miles is the 
length of the earth's diameter. It must, therefore, be 
equal to 4 X 2112 = 8448, or, in round humbers, about 
8000 miles, which is not very far from the truth. 

(29.) Such is the first rough result of an attempt to 
ascertain the earth's magnitude ; and it will not be amiss 
•if we take advantage of it to compare it with objects we 
have been accustomed to consider as of vast size, so as 
io interpose a few steps between it and our ordinary ideas 
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of dimension. We have before likened the inequalitiei 
on the earth's surface, arising from mountains, yaHeys, 
buildings, &c. to the roughnesses on the rind of an 
orange, compared with its general mass. The compa- 
rison is quite free from exaggeration. The highest moun- 
tain known does not exceed five miles in perpendicular 
elevation: this is only one 1600th part of me earth's 
diameter ; consequently, on a globe of sixteen inches in 
diameter, such a mountain would be represented by a 
protuberance of no more than one hundredth part of an 
inch, which is about the thickness of ordinary drawing- 
paper. Now as there is no entire continent, or even any 
very extensive tract of land, known, whose general ele- 
vation above the sea is any thing like half this quantity, 
it follows, that if we would construct a correct model of 
our earth, with its seas, continents, and mountains, on 
a globe sixteen inches in diameter, the whole of the land, 
with the exception of a few prominent points and ridges, 
must be comprised on it within the thickness of thin 
writing paper ; and the highest hills would be represented 
by the smallest visible grains of sand. 

(30.) The deepest mine existing does not penetrate 
half a mile below the surface : a scratch, or pin-hole, 
duly representing it, on the surface of such a globe as 
our model, would be imperceptible without a magnifier. 

(31.) The greatest depth of sea, probably, does not 
much exceed the greatest elevation of the continents; 
and would, of course, be represented by an excavation, 
in about the same proportion, into the substance of the 
globe: so that the ocean comes to be conceived as a 
mere film of liquid, such as, on our model, would be lefi 
by a brush dipped in colour and drawn over those parts 
intended to represent the sea : only in so conceiving it, 
we must bear in mind that the resemblance extends no 
farther than to proportion in point of quantity. The 
mechanical laws which would regulate the distributioQ 
and movements of such a film, and its adhesion to the 
surface, are altogether different from those which govern 
the phenomena of the sea. 

(32.) Lastly, the greatest extent of the earth's surface 
which has ever been seen at once by man, was that ex- 

D2 
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posed to the view of MM. Biot and Gay-LussaCy in thehr 

celebrated aeronautic expedition to the enormous height 
of 25,000 feet, or rather less than five miles. To esti- 
mate the proportion of the area visible from this elevation 
to the whole earth's surface, we must have recourse to 
the geometry of the sphere, which informs us that the 
convex surface of a spherical segment is to the whole ear* 
face of the sphere to which it belongs as the versed oine 
or thickness of the segment is to the diameter of the 
sphere ; and further, that this thickness, in the case we 
are considering, is almost exactly equal to the perpen- 
dicular elevation of the point of sight above the surface* 
The proporlioii, therefore, of the visible area, in this 
case, to the whole earth's surface, is that of five miles to 
8000, or 1 to 1600. The portion visible from iEtna, the 
Peak of Tcneriflfe, or Mowna Roa, is about one 4000th. 
(33.) When we ascend to any very considerable ele- 
vation above the surface of the earth, either in a balloon, 
or on mountains, we are made aware, by many uneasy 
sensations, of an insufficient supply of atV. The barome- 
ter, an instrument which informs us of the weight of air 
incumbent on a given horizontal surface, confirms this im- 
pression, and affords a direct measure of the rate of dimi- 
nution of the quantity of air which a given space includes 
as we recede from the surface. From its indications we 
learn, that when we have ascended to the height of 1000 
feet, we have left below us about one thirtieth of the 
whole mass of the atmosphere : — that at 10,600 feet of 
perpendicular elevation (which is rather less than that of 
the summit of iEtna*) we have ascended through about 
one third ; and at 18,000 feet (which is nearly that of Co- 
topaxi) through one half the material, or, at least, ihe 
ponderable, body of air incumbent on the earth's surface* 
From the progression of these numbers, as well as, a pri- 
ori, from the nature of the air itself, which is compresaim 
hie, i. e. capable of being condensed, or crowded into a 
smaller space in proportion to the incumbent pressure, it 
is easy to see that, although by rising still higher we should 

♦The heirfit of JEtna above the Mediterraneen (as it results from a 
barometrical measurement <>f toy own, made in July, 1824, under very 
ilavourable circumstances) is 10,8Pr2 English feet.^-AtrfAor. 
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continually get above more and more of the air, and so re- 
lieve ourselves more and more from the pressure with 
which it weighs upon us, yet the amount of this additional 
relief, or the ponderable quantity of sir surmounted, would 
be by no means in proportion to the additional height as- 
cended, but in a constantly decreasing ratio. An easy 
calculation, however, founded on our experimental know- 
ledge of the properties of air, and the mechanical laws 
which regulate its dilation and compression, is sufficient 
to show that, at an altitude above the surface of the earth 
not exceeding the hundreth part of its diameter, the tenui- 
ty, or rarefaction, of the air must be so excessive, that not 
Qnly animal life could not subsist, or combustion be. main- 
tained in it, but that the most delicate means we possess of 
ascertaining the existence of any air at all would fail to 
aflford the slightest perceptible indications of its presence. 

(34.) Laying out of consideration, therefore, at pre- 
sent, all nice questions as to the probable existence of a 
definite limit to the atmosphere, beyond which there is, 
absolutely and rigorously speaking, no air, it is clear, that, 
for all practical purposes, we may speak of those regions 
which are more distant above the earth's surface than the 
hundredth part of its diameter as void of air, and of course 
of clouds (which are nothing but visible vapours, diffused 
and floating in the air, sustained by it, and rendering 
it turbid as mud does water). It seems probable, from 
many indications, that the greatest height at which visible 
clouds ever exist does not exceed ten miles ; at which 
heigbt the density of the air is about an eighth part of 
what it is at the level of the sea. 

(35.) We are thus led to regard the atmosphere of air, 
with the clouds it supports, as constituting a coating of 
equable or nearly equable thickness, enveloping our globe 
on all sides ; or rather as an atrial ocean, of which the 
surface of the sea and land constitutes the bed, and whose 
inferior portions or strata, within a few miles of the 
earth, contain by far the greater part of the whole mass, 
the density diminishing with extreme rapidity as we re- 
cede upwards, till, within a very moderate distance (such 
as would be represented by the sixth of an inch on the mo- 
del we have before spoken of, and which is not more in pro- 
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(25.) From the foregoing explanations it appears, 
l8t, That the general figure of the earth (so far as it can 
be gathered from this kind of observation) is that of a 
sphere or globe. In this we also inelude that of the sea, 
which, wherever it extends, covers and fills in those in-. 
equalities and local irregularities which exist on land, 
but which can of course only be regarded as trifling de* 
viations from the general outline of the whole mass, as 
we consider an orange not the less round for the' rough- 
nesses on its rind. 2dly, That the appearance of a visi- 
ble horizon, or sea ofBng, is a consequence of the cur- 
vature of the surface, and does not arise from the inability 
of the eye to follow objects to a greater distance, or 
from atmospheric indistinctness. It will be worth while 
to pursue the general notion thus acquired into some of. 
its consequences, by which its consistency with obser- 
vations of a different kind, and on a larger scale, will be 
put to the test, and a clear conception be formed of the 
manner in which the parts of the earth are related to 
each other, and held together as a whole. 

(26.) In the first place, then, every one who has passed 
a little while at the sea side is aware that objects may be 
seen perfectly well beyond the offing or visible horizon 
—but not the whole of them. We only see their upper 
parts. Their bases where they rest on, or rise out of 
the water, are hid from view by the spherical surface of 
the sea, which protrudes between them and ourselves^ 
Suppose a ship, for instance, to sail directly away from 
our station ; — at first, when the distance of the ship is 
small, a spectator, S, situated at some certain height 
above the sea, sees the whole of the ship, even to the 
water line where it rests on the sea, as at A. As it re- 
cedes it diminishes, it is true, in apparent size, but still 
the whole is seen down to the water line, till it reaches 
the visible horizon at B. But as soon as it has passed 
this distance, not only does the visible portion still con- 
tinue to diminish in apparent ttze, but the hull begins to 
disappear bodily, as if sunk below the surface. When 
it has reached a certain distance,, as at C, its hull 
has entirely vanished, but the masts and sails remain, 
presenting the appearance c. But if, in this state of 
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things, the spectator quickly ascends to a higher station, 
T, whose visible horjbzon is at D, the hull comes again 
in sight ; and when ne descends again he loses it. The 
ship still receding, the lower sails seem to sink below 
the water, as at d, and at length the whole disappears : 
while yet the distinctness with which the last portion of 
the sail d is seen is such as to satisfy us that were it not 
for the interposed segment of the sea, ABODE, the dis- 
tance T£ is not so great as to have prevented an equally 
perfect view of the whole. 

(27.) In this manner, therefore, if we could measure 
the heights and exact distance of two stations which 
could barely be discerned from each other over the edge 
of the horizon, we could ascertain the actual size of the 
earth itself: and, in fact, were it not for the effect of re- 
fraction, by which we are enabled to see in some small 
degree round the interposed segment /'as will be here- 
after explained), this would be a tolerably good method 
of ascertaining it. Suppose A and B to be two emi- 




nences, whose perpendicular heights A a and B b (whicfay 
for simplicity, we will suppose to be exactly equal) are 
known, as well as their exact horizontal interval aDd, 
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by measurement; then is it clear that D, the visi- 
ble horizon of both, will lie just hajf-way between 
them, and if we suppose oDo to be the sphere of 
the earth, and C its centre in the figure CD6B, we 
know D 6, the length of the arch of the circle between 
D and 6,— viz. half the measured interval, and 6B, the 
excess of its secant above its radius — which is the height 
of B, — data which, by the solution of an easy geometrical 
problem, enable us to find the length of the radius D C. 
If, as is really the case, we suppose both the heights and 
distance of the stations inconsiderable in comparison with 
the size of the earth, the solution aUuded to is contained 
in the following proposition : — 

77ie earth's diameter bears the same proportion to the 
distance of the visible horizon from the eye as that dis- 
tance does to the height of the eye above the sea level. 

When the stations are unequal in height the problem 
is a little more complicated. 

(28.) Although, as we have observed, the effect of 
refraction prevents this from being an exact method of 
ascertaining the dimensions of the earth, yet it will suf- 
fice to afford such an approximation to it as shall be of 
use in the present stage of the reader's knowledge, and , 
help him to many just conceptions, on which account 
we shall exemplify its application in numbers. Now, it 
appears by observation, that two points, each ten feet 
above the surface, cease to be visible from each other 
over still water, and in average atmoispheric circum- 
stances, at a distance of about 8 miles. But 10 feet is 
the 528th part of a mile, so that half their distance, or 
4 miles, is to the height of each as 4 x 528 or 2112 : 1, 
and therefore in the same proportion to 4 miles is the 
length of the earth's diameter. It must, therefore, be 
equal to 4 X 2112 = 8448, or, in round numbers, about 
8000 miles, which is not very far from the truth. 

(29.) Such is the first rough result of an attempt to 
ascertain the earth's magnitude ; and it will not be amiss 
•if we take advantage of it to compare it with objects we 
have been accustomed to consider as of vast size, so as 
io interpose a few steps between it and our ordinary ideas 
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of dimension. We have before likened the inequalitiei 
on the earth's surface, arising from mountains, yalleysy 
buildings, &c. to the roughnesses on the rind of an 
orange, compared with its general mass. The compa- 
rison is quite free from exaggeration. The highest moun- 
tain known does not exceed five miles in perpendicular 
elevation: this is only one 1600th part of me earth's 
diameter ; consequently, on a globe of sixteen inches in 
diameter, such a mountain would be represented by a 
protuberance of no more than one hundredth part of an 
inch, which is about the thickness of ordinary drawing- 
paper. Now as there is no entire continent, or even any 
very extensive tract of land, known, whose general ele- 
vation above the sea is any thing like half this quantity, 
it follows, that if we would construct a correct model of 
our earth, with its seas, continents, and mountains, on 
a globe sixteen inches in diameter, the whole of the land, 
with the exception of a few prominent points and ridges, 
must be comprised on it within the thickness of thin 
writing paper ; and the highest hills would be represented 
by the smallest visible grains of sand. 

(30.) The deepest mine existing does not penetrate 
half a mile below the surface : a scratch, or pin-hole, 
duly representing it, on the surface of such a globe as 
our model, would be imperceptible without a magnifier. 

(31.) The greatest depth of sea, probably, does not 
much exceed the greatest elevation of the continents; 
and would, of course, be represented by an excavation, 
in about the same proportion, into the substance of the 
globe: so that the ocean comes to be conceived as a 
mere film of liquid, such as, on our model, would be lefi 
by a brush dipped in colour and drawn over those parts 
intended to represent the sea : only in so conceiving it, 
we must bear in mind that the resemblance extends no 
farther than to proportion in point of quantity. The 
mechanical laws which would regulate the distribution 
and movements of such a film, and its adhesion to the 
surface, are altogether different from those which govern 
the phenomena of the sea. 

(32.) Lastly, the greatest extent of the earth's surface 
which has ever been seen at once by man, was that ex- 

D2 
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by measurement; then is it clear thet D, the visi- 
ble horizon of both, will lie just hajf-way between 
them, and if we suppose oDo to be the sphere of 
the earth, and C its centre in the figure CD6B, we 
know D 6, the length of the arch of the circle between 
D and 6, — viz. half the measured interval, and b B, the 
excess of its secant above its radius — which is the height 
of B, — data which, by the solution of an easy geometrical 
problem, enable us to find the length of the radius D C. 
If, as is really the case, we suppose both the heights and 
distance of the stations inconsiderable in comparison with 
the size of the earth, the solution aUuded to is contained 
in the following proposition : — 

77ie eart/i's diameter bears the same proportion to the 
distance of the visible horizon from the eye as that du' 
tance does to the height of the eye above the sea level. 

When the stations are unequal in height the problem 
is a little more complicated. 

(28.) Although, as we have observed, the efifect of 
refraction prevents this from being an exact method of 
ascertaining the dimensions of the earth, yet it will suf- 
fice to afford such an approximation to it as shall be of 
use in the present stage of the reader's knowledge, and 
help him to many just conceptions, on which account 
we shall exemplify its application in numbers. Now, it 
appears by observation, that two points, each ten feet 
above the surface, cease to be visible from each other 
over still water, and in average atmospheric circum- 
stances, at a distance of about 8 miles. But 10 feet is 
the 628th part of a mile, so that half their distance, or 
4 miles, is to the height of each as 4 x 528 or 2112 : 1, 
and therefore in the same proportion to 4 miles is the 
length of the earth's diameter. It must, therefore, be 
equal to 4 X 2112 = 8448, or, in round numbers, about 
8000 miles, which is not very far from the truth. 

(29.) Such is the first rough result of an attempt to 
ascertain the earth's magnitude ; and it will not be amiss 
■if we take advantage of it to compare it with objects we 
have been accustomed to consider as of vast size, so as 
tto interpose a few steps between it and our ordinary ideas 



CHAP. I.J VnOBUB PORTION OF THE 0URFAC£. 87 

of dimension. We have before likened the inequalitiei 
on the earth's surface^ arising from mountains, yalleysy 
buildings, &c. to the roughnesses on the rind of an 
orange, compared with its general mass. The compa- 
rison is quite free from exaggeration. The highest moun- 
tain known does not exceed five miles in perpendicular 
elevation: this is only one 1600th part of ue earth's 
diameter ; consequently, on a globe of sixteen inches in 
diameter, such a mountain would be represented by a 
protuberance of no more than one hundredth part of an 
inch, which is about the thickness of ordinary drawing- 
paper. Now as there is no entire continent, or even any 
very extensive tract of land, known, whose general ele- 
vation above the sea is any thing like half this quantity, 
it follows, that if we would construct a correct model of 
our earth, with its seas, continents, and mountains, on 
a globe sixteen inches in diameter, the whole of the land, 
with the exception of a few prominent points and ridges, 
must be comprised on it within the thickness of thin 
writing paper ; and the highest hills would be represented 
by the smallest visible grains of sand. 

(30.) The deepest mine existing does not penetrate 
half a mile below the surface : a scratch, or pin-hole, 
duly representing it, on the surface of such a globe as 
our model, would be imperceptible without a magnifier. 

(31.) The greatest depth of sea, probably, does not 
much exceed the greatest elevation of the continents; 
and would, of course, be represented by an excavation, 
in about the same proportion, into the substance of the 
globe: so that the ocean comes to be conceived as a 
mere film of liquid, such as, on our model, would be lefi 
by a brush dipped in colour and drawn over those parts 
intended to represent the sea : only in so conceiving it^ 
we must bear in mind that the resemblance extends no 
farther than to proportion in point of quantity. The 
mechanical laws which would regulate the distributioQ 
and movements of such a film, and its adhesion to the 
surface, are altogether different from those which govern 
the phenomena of the sea. 

(32.) Lastly, the greatest extent of the earth's surface 
which has ever been seen at once by man, was that ex- 

D2 
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portion to the globe on which it rests, than the downy 
skin of ft peach in comparison with the fruit within it), 
all sensible trace of the existence of air disappears. 

(86.) Arguments, however, are not wanting to raider 
it, if not absolutely certain, at least in the highest degree 
probable, that the surface of the aerial, like that of the 
aqueous ocean, has a real and definite limit, as above hint- 
ed at ; beyond which there is positively no air, and above 
which a fresh quantity of air, could it be added from with- 
out, or carried aloft from below, instead of dilating itself 
indefinitely upwards, would, after a certain very enor- 
mous but still finite enlargement of volume, sink and 
merge, as water poured into the sea, and distribute itself 
among the mass beneath. With the truth of this concla- 
sion, however, astronomy has little concern ; all the ef- 
fects of the atmosphere in modifying astronomical phe- 
nomena being the same, whether it be supposed of defi- 
nite extent or not. 

(37.) Moreover, whichever idea we adopt, it is equally 
certain that, within those limits in which it possesses any 
appreciable density, its constitution is the same over aU 
points on the earth's surface ; that is to say, on the great 
scale, and leaving out of consideration temporary and local 
causes of derangement, such as winds, and great fluc- 
tuations, of the nature of waves, which prevail in it to an 
immense extent : in other words, that the law of diminu- 
tion of the air's density as we recede upwards from the 
level of the sea is the same in every column into which 
we may conceive it divided, or from whatever point of 
the surface we may set out. It may therefore be consi- 
dered as consisting of successively superposed strata or 
layers, each of the form of a spherical shell, concentric 
with the general surface of the sea and land, and each of 
which IS rarer, or specifically lighter, than that immedi- 
ately beneath it ; and denser, or specifically heavier, than 
that immediately above it This kind of distribution of 
its ponderable mass is necessitated by the laws of th^ 
equilibrium of fluids, whose results barometric observa- 
tions demonstrate to be in perfect accordance with expe- 
rience. 
. It must be observed, however, that with this distriba- 
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tion of its strata the inequalities of mountains and valleys 
have no concern ; these exercise no more influence in 
modifying their general spherical figure than the inequali* 
ties at the bottom of the sea interfere with the general 
sphericity of its surface. 

(38.) It is the power which air possesses, in common 
with all transparent media, of refracting the rays of light, 
or bending them out of their straight course, which renders 
a knowledge of the constitution of the atmosphere impoit- 
ant to the astronomer. Owing to this property, objects 
seen obliquely through it appear otherwise situated than 
they would to the same spectator, had the atmosphere no 
existence ; it thus produces a false impression respecting 
their places, which must be rectified by ascertaining the 
amount and direction of the displacement so apparently 
produced on each, before we can come at a knowledge 
of the true directions in which they are situated from us 
at any assigned moment. 

(39.) Suppose a spectator placed at A, any point of the 
earth's surface KAA:, and let L/, Mm, Nn, represent 




tne successive strata or layers, of decreasing density, into 
which we may conceive the atmosphere to be divided, 
and which are spherical surfaces concentric with K^, the 
earth's surface. Let S represent a star, or other heavenly 
body, beyond the utmost limit of the atmosphere ; then 
if the air were ;)way, the spectator would see it in the di 
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rection of the straight line AS. But, in reality, when 
the ray of light SA reaches the atmosphere, suppose at d, 
it will, by the laws of optics, begin to bend downioardt, 
and take a more inclined direction, as d c. This bending 
will at first be imperceptible, owing to the extreme tenu- 
ity of the uppermost strata ; but as it advances downwards, 
the strata continually increasing in density, it will continu- 
ally undergo greater and greater refraction in the same di- 
rection ; and thus, instead of pursuing the straight line 
Sc/A, it will describe a curve Sdcba, continually more 
and more concave downwards, and will reach the earth, 
not at A, but at a certain point a, nearer to S. This ray, 
consequently, will not re^h the spectator's eye. The ray 
by which he will see the star is, therefore, not SdA, but 
another ray which, had there been no atmosphere would 
have struck the earth at K, a point behind the spectator ; 
but which, being bent by the air into the curve SDCBA, 
actually strikes on A. Now, it is a law of optics, that an 
object is seen in the direction which the visual ray has at 
the instant of arriving at the eye^ without regard to what 
may have been otherwise its course between the object and 
the eye. Hence the star S wilt be seen, not in the di- 
rection A S, but in that of A^, a tangent to the curve 
SDCBA, at A. But because the curve described by the 
refracted ray is concave downwards, the tangent A«, will 
lie above AS, the unrefracted ray : consequently the object 
S will appear more elevated above the horizon AH, when 
seen through the refracting atmosphere, than it would ap- 
pear were there no such atmosphere. Since, however, the 
disposition of the strata is the same in all directions around 
A, the visual ray will not be made to deviate laterally, but 
will remain constantly in the same vertical plane SAC, 
passing through the eye, the object, and the earth's centre. 
(40.) The effect of the air's refraction, then, is to raise 
all the heavenly bodies higher above the horizon in ap-^ 
pearance than they are in reality. Any such body, situ, 
ated actually in the true horizon, will appear above it, ox 
will have some certain apparent altitude (as it is called). 
Nay, even some of those actually below the horizon, and 
which would therefore be invisible but for the effect of 
refraction, are, by that effect, raised above it and brought 
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into sight. Thus, the sun, when sitaated at P below the 
true horizon, AH, of the spectator, becomes visible to him, 
as if it stood at j9, by the refracted ray FqrtAj to which 
Ap is a tangent. 

(41.) The exact estimation of the amount of atmo- 
spheric refraction, or the strict fletermination of the angle 
SA«, by which a celestial object at any assigned altitude, 
HAS, is raised in appearance above its true place, is, un- 
fortunately, a very difficult subject of physical inquiry, 
and one on which geometers (from whom alone we can 
look for any information on the subject) are not yet en- 
tirely agreed. The difficulty arises from this, that the 
density of any stratum of air (on which its refracting 
power depends) is affected not inerely by the superincum- 
bent pressure, but also by its temperature or degree of 
heat. Now, although we know that as we recede from the 
earth's surface the temperature of the air is constantly 
diminishing, yet the law^ or amount of this diminution 
at different heights, is not yet fully ascertained. More- 
over, the refracting power of air is perceptibly affected by 
its moisture ; and this, too, is not the same in every part of 
an aerial column ; neither are we acquainted with the laws 
of its distribution. The consequence of our ignorance on 
these points is to introduce a corresponding degree of 
uncertainty into the determination of the amount of refrac- 
tion which affecte, to a certain appreciable extent, our 
knowledge oi several of the most important data of as- 
tronomy. The uncertainty thus induced is, however, 
confined within such very narrow limits as to be no cause 
of embarassment, except in tlie most delicate inquires, 
and to call for no further allusion in a treatise like the 
present. 

(42.) A ** Table of Refractions," as it is called, or a 
statement of the amount of apparent displacement aris- 
ing from this cause, at all altitudes, or in every situation 
of a heavenly body, from Uie horizon to the zenith,* or 
point of the sky vertically above the spectator, and, under 
all the circumstances in which astronomical observations 
are usually performed which may influence the result, is 

* From an Armbie word of tUi wgufioitkin. 



34 A TREATUB ON ASTRONOMY. [^CBAP. !• 

one of the most important and indiBpensable of all astro- 
nomical tables, since it is only by the use of such a table 
we are enabled to get rid of an illusion which mosl 
otherwise pervert all our notions respecting the celestial 
motions. Such have been, accordingly, constructed with 
great care, and are to be found in every collection of 
astronomical tables.** Oiir design, in the present treatise, 
will not admit of the introduction of tables; and we 
must, therefore, content ourselves here, and in similar 
cases, witli referring the reader to works especially dea- 
tincd to furnish these useful aids to calculation. It is, 
however, desirable that he should bear in mind the 
following general notions of its amount, and law of 
-variation. 

(43.) 1st. In the zenith there is no refraction ; a ce- 
lestial object, situated vertically over head, is seen in its 
true direction, as if there were no atmosphere. 

2dly. In descending from the zenith to the horizon, 
the refraction continually increases ; objects near the 
horizon appearing more elevated by it above their tnie 
directions than those at a high altitude. 

3dly. The rate of its increase is nearly in proportion 
to the tangent of the apparent angular distance of the 
object from the zenith. But this rule, which is not far' 
from the truth, at moderate zenith distances, ceases to 
give correct results in the vicinity of the horizon, where 
the law becomes much more complicated in its ex- 
pression. 

4thly. The average amount of refraction, for an ob- 
ject half-way between the zenith and horizon, or at- an 
apparent altitude of 45®, is about I' (more exactly 57"% 
a quantity hardly sensible to the naked eye ; but at thia. 
visible horizon it amounts to no less a quantity than 33', 
which is rather more than the greatest apparent diameter - 
of either the sun or the moon. Hence it follows, thati 
when we see the lower edge of the sun or moon just ctp^ • 
parently resting on the horizcMi, its whole disk ia in 
reality below it, and would be entirely out of sight and 

♦Vide '* Requisite Tables to be used with the Nautical Almanac.' 
See also Nautical Almanac for 1833, Dr. Pearson's Astronomical Tables 
snd Mr. Boily'i Agronomical TEtUea and Fonnolas. 
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concealed by the convexity of the earth but for tha bend- 
ing round it^ which the rays of light have undergone iu 
neir passage through the air, as sdluded to in art. 40. 

(44.) It follows from this, that one obvious effect of 
refraction must be to shorten the duration of night and 
darkness, by actually prolonging the stay of the sun and 
moon above the horizon. But even after they are set, 
the influence of the atmosphere still continues to send 
us a portion of their light; not, indeed, by direct trans 
mission, but by re/lection upon the vapours, *and minute 
solid particlesj which float in it, and, perhaps, also on 
the actual material atoms of the air itself. To understand 
how this takes place, we must recollect, that it is not 
only by the direct light of a luminous object that we 
see, but that whatever portion of its light which would 
not otherwise reach our eyes, is intercepted in its course, 
and thrown back, or laterally, upon us, becomes to us a 
means of illumination. Such reflective obstacles always 
exist floating in the air. The whole course of a sun- 
beam penetrating through the chink of a window-shutter 
into a dark room, is viHble as a bright line in the air; 
and even if it be sdfled, or ht out through an opposite 
crevice, the light scattered through the apartment from 
this source is sufficient to prevent entire darkness in the 
room. The luminous lines occasionally seen in the air, 
in a sky fall df partially broken douds, which the vulgar 
terra " the sun drawing water," are similarly caused. 
They are itunb^ams, through apertures in clouds, par- 
tially intercepted and reflected on the dust and vapours 
of the air below. Thus it is with those solar rays whlch^ 
after tiie sun is itself concealed by the convexity of the 
earth, continue to traverse the higher regions of the at- 
mosphere above our heads, and pass through and out of 
it, without directly striking on ihe earth at all. Sdme 
portion of them is intercepted, and reflected by the float* 
ing particles above mentioned^ arid dirown back, or la 
terally, so as to reach us, and afford us that secondary 
illumination, which is twilight. The course of stich rays 
will be immediately understood from the annexed figure, 
in which ABCD is the eaith ; A a point on its surface^ 
where the sun S is in the act of setting; its last lower 
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ray SAM just grazing the Burface at A, while its superior 
rays 8N, ^0, traverse the atmosphere above A. wilhoot 
striking the earth, leaving it finally at the points PQR, 
after being more or leas bent in passing tluoogh it, the 




lower most, the higher lesi, snd that which, like SRO, 
merely grazes the exterior limit of the atmosphere, not 
at all. Let us consider Beveral points. A, B, C, D, eadi 
more remote than the last from A, and each more deeply 
involved in the earth's ihadow, which occupies the whole 
space from A beneath the line AM. Now, A jnst receives 
the sun's last direct ra*y, and, besides, is illuminated by 
the whole reflective atmosphere PQBT. It therefore 
receiTCB twilight from the whole sky. Tbe point B| to 
which the sun has set, receives no direct solar light, nor 
any, direct or reflected, from all that part of its rtsibls 
atmosphere which is below APM ; but from the lentt 
cular portion PRi, which is traversed by the sun's rays, 
and which lies above the visible horizon BR of B, it re* 
ceives a twilight, which is strongest at R, the point in^ 
mediately below which the sun is, and fades away gradiu 
ally towards P, as the luminous part of the atmosphere 
thins ofl'. At G, only the last or thinnest portion, PQs 
of the lenticular segment, thus illuminated, lies above 
the horizon, CQ, of that place : here, then, the twilight 
is feeble, and confined to a smBll space in and near the 
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horizon, which the sun has quitted, while at D the twi- 
light has ceased altogether. 

(45.) When the sun is ahove the horizon, it illumi- 
nates the atmosphere and clouds, and these again dis- 
perse and scatter a portion of its light in all directions* 
so as to send some of its rays to every exposed point, 
from every point of the sky. The generally diffused 
light, therefore, which we enjoy in the daytime, is a phe- 
nomenon originating in the very same causes as the twi- 
light. Were it not for the reflective and scattering power 
of the atmosphere, no objects would be visible to us out 
of direct sunshine ; every shadow of a passing cloud 
would be pitchy darkness ; the stars would be visible all 
day, and every apartment, into which the sun had not di- 
rect admission, would be involved in nocturnal obscurity. 
This scattering action of the atmosphere on the solar 
light, it should be observed, is greatly increased by the 
irregularity of temperature caused by the same luminary 
in its diflerent parts, which, during the daytime, throws 
it into a constant state of undulation, and, by thus bring- 
ing together masses of air of very unequal temperatures, 
produces partial reflections and refractions at Uieir com- 
mon boundaries, by which much light is turned aside 
from the direct course, and diverted to the purposes of 
general illumination. 

(46.) From the explanation we have given, in arts. 
89 and 40, of the nature of atmospheric refraction, 
and the mode in which it is produced in the progress 
of a ray of light through successive strata, or layers of 
the atmosphere, it will be evident, that whenever a ray 
pdMse^obliqudy from a higher level to a lower one, or 
vice versa^ its course is not rectilinear, but concave 
downwards ; and of course any object seen by means of 
such a ray, must appear deviated from its true place, 
whether that object be, like the celestial bodies, entirely 
beyond the atmosphere, or, like the summits of moun- 
tains, seen from the plains, or other terrestrial stations, 
at different levels, seen from each other, immersed in it. 
Every difference of level, accompanied, as it must be, 
with a difference of density in the aerial strata, must also 
have, corresponding to it, a certain amount of refraction ; 
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less, indeed, than what would be produced bj the tait^ 
atmosphere, but still often of very appreciable, and even 
considerable, amount. This refraction between teires* 
trial stations is termed terrestrial rtfraetion, to diatiiH 
guish it from that total efiect which is only produced on 
celestial objects, or such as are beyond the atmoBphere, 
and which is called celestial or astronomical refraction. 
(47.) Another effect of refraction is to distort the rio- 
ble forms and proportions of objects seen near tiie hori> 
zon. The sun, for instance, which, at a considerable 
altitude, always appears round, assumes, as it approaches 
the horizon, a flattened or oval outline ; its horizontal 
diameter being visibly greater than that in a Textical di- 
rection. When very near the horizon, this flattening is 
evidently more considerable on the lower side than on 
the upper ; so that the apparent form is neither ehrciilar 
nor elliptic, but a species of oval, which deviates more 
from a circle below than above. This singular effect, 
which any one may notice in a fine sunset, arises from the 
rapid rate at which the refraction increases in appnoochr 
ing the horizon. Were every visible point in the snn's 
circumference equally raised by refraction, it would still 
appear circular, though displaced : but the lower portions 
being more raised than the upper, the vertical diameter m 
thereby shortened, while the two extremities of its hori- 
zontal diameter are equally raised, and in parallel dareo- 
tions, so that its apparent length remains the same. The 
dilated size (generally) of the sun or moon, when seen 
near the horizon, beyond what they appear to havv 
when high up in the sky, has nothing to do with refrac- 
tion. It is an illusion of the judgment arising from the 
terrestrial objects interposed, or placed in close compari- 
son with them. In that situation we view and judge of 
them as we do of terrestrial objects — in detail, and with 
an acquired habit of attention to parts. Aloft we have 
no associations to guide us, and dieir insulation in the 
expanse of sky leads us rather to undervalue than to 
overrate their apparent magnitudes. Actual measure- 
ment with a proper instrument corrects our error, with- 
out, however, dispelling our illusion. By this we learn, 
that the sun, when just on the horizon, subtends at oui 
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eyes almost exactly the same, and the moon a materially 
hss angle, than when seen at a great altiti*de in the sky, 
owing to the effect of what is ceJled parallax, to be ex- 
plained presently. 

(48.) After what has been said of the small extent of 
the atmosphere in comparison of the mass of the earth, 
we shall have little hesitation in admitting those lumina- 
ries which people and adorn the sky, and which, while 
they obviously form no part of the earth, and receive no 
support from it, are yet not borne along at random like 
clouds upon the air, nor drifted by the winds, to be ex- 
ternal to our atmosphere. As such we have considered 
them while speaking of their refractions — as existing in 
the immensity of space beyond, and situated, perhaps, 
for any thing we can perceive to the contrary, at enor- 
mous distances from us and from each other. 

(49.) Could a spectator exist unsustained by the earth, 
or any solid support, he would see around him at one 
view the whole contents of space — the visible consti- 
tuents of the universe : and, in the absence of any means 
of judging of their distances from him, would refer them, 
in the directions in which they were seen from his sta- 
tion, to the concave surface of an imaginary sphere, 
having his eye for a centre, and its surface at some vast 
indeterminate distance. Perhaps he might judge those 
which appear to him large and bright, to be nearer to 
him than the smaller and less brilliant ; but, independent 
of other means of judging he would have no warrant for 
this opinion, any more than for the id^Si that all were 
equidistant from him, and really arranged on such a 
spherical surface. Nevertheless, there would be no 
impropriety in his referring their places, geometrically 
speaking, to those points of such a purely imaginary 
sphere, which their respective visual rays intersect ; and 
there would be much advantage in so doing, as by that 
means their appearance and relative situation could be 
accurately measured, recorded, and mapped down. The 
objects in a landscape are at every variety of distance 
from the eye, yet we lay them all down in a picture on 
one plane, and at one distance, in their actual apparent 
proportions f and the likeness is not taxed with incorrect- 

E2 
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ness, though a man in the foreground should be repre- 
sented larger than a mountain in the distance. So it is 
to a spectator of the heavenly bodies pictured, projectedj 
or mapped down on that imaginary sphere we call the 
ahy or heaven. Thus, we may easily conceive that the 
moon, which appears to us as large as the sun, though 
less bright, may owe that apparent equality to its greater 
proximity, and may be reaUy much less ; while both the 
moon and sun may only appear larger and brighter than- 
the stars, on account of the remoteness of the latter. 

(50.) A spectator on the earth's surface is prevented, 
by the great mass on which he stands, from seeing into 
all that portion of space which is below him, or to see 
which he must look in any degree downwards. It ia 
true that, if his place of observation be at a great eleva- 
tion, the dip of the horizon will bring within the scope 
of vision a little more than a hemisphere, and refraction, 
wherever he may be situated, will enable him to look, 
as it were, a little round the comer ; but the zone thus 
added to his visual range can hardly ever, unless in very 
extraordinary circumstances,* exceed a couple of degrees 
in breadth, and is always ill seen on account of the vap 
pours near the horizon. Unless, then, by a change of 
his geographical situation, he should shifl his horizon 
(which is always a plane touching the spherical con- 
vexity of the earth at his station) ; or unless, by some 
movements proper to the heavenly bodies, they should 
of themselves come above his horizon ; or, lastly, un- 
less, by some rotation of the earth itself on its centre, 
the point of its surface which he occupies should be 
carried round, and presented towards a different region 
of space ; he would never obtain a sight of almost one 

*Such as the following, for instance: The late Mr. Sadler, the cele- 
brated aeronaut, ascend^ in a balloon from Dublin at about 2 o'clock m. 
the afternoon, and was wafted across the channel. About sunset he ap- 
proached the English coast, when the ballocm descended near the snrfeoe 
of the sea. By this time the sun was set, and the shades 'rf evening began 
to close in. lie threw out nearly all his ballast, and suddenly sprung 
upwards to a great height, and by so doing witnessed the whole pheno- 
menon of a western sunrise. He subsequently descended in Wales, and 
witnewed a second sunset on the same evening. I have this anecdote 
from Dr. Lardner, who was present at his oacenty and read his own ac- 
count of tlie voyage. — AulJior, 
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half the objects external to our atmosphere. Bat if anjr 
of these cases be supposed, more, or all, may come into 
view according to the circumstances. 

(51.) A traveller, for example, shifting his locality on 
our globe, will obtain a view of celestial objects invisible 
from his original station, in a way which may be not in-, 
aptly illustrated by comparing him to a person standing 
in a park close to a large tree. The massive obstacle 
presented by its trunk cuts off his view of all those parts 
of the landscape which it occupies as an object ; but by 
walking round it a complete successive view of the 
whole panorama may be obtained. Just in the same 
way, if we set off from any station, as London, and 
travel southwards, we shall not fail to notice that many 
celestial objects which are never seen from Londoa 
come successively into view, as if rising up above Iha 
horizon, night after night, firom the south, although it is 
in reality our horizon, which, travelling with us south- 
wards round the sphere, sinks in succession beneath 
them. The novelty and splendour of fresh constella- 
tions thus gradually brought into view in the clear calm 
nights of tropical climates, in long voyages to the south, 
is dwelt upon by all who have enjoyed this spectacle. 






^ 
^ 







Ai.d never fails to impress itself on the recollection 
among the most delightful and interesting of the asso- 
ciations connected with extensive travel. A glance at 
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the accompanying figure, exhibiting three successive 
stations of a traveller, A, B, C, with the horizon cor- 
responding to each, will place this process in clearer 
evidence than any description. 

(52.) Again : suppose the earth itself to have a mo- 
tion of rotation on its centre. It is evident that a spec- 
tator at rest (as it appears to him) on any part of it will, 
unperceived by himself, be carried round with it: Dn- 
perceived, we say, because his horizon will constantly 
contain, and be limited by, the same terrestrial objects. 
He will have the same landscape constantly before his 
eyes, in which all the familiar objects in it, which serve 
him for landmarks and directions, retain, with respect 
to himself or to each other, the same invariable situa- 
tions. The perfect smoothness and equality of the 
motion of so vast a mass, in which every object he sees 
around him participates alike, will (art. 1 5) prevent his 
entertaining any suspicion of his actual change of place. 
Yet, with respect to external objects, — that is to say, 
all celestial ones which do not participate in the sup- 
posed rotation of the earth, — his horizon will have been 
all the while shifting in its relation to them, precisely as 
in the case of our traveller in the foregoing article. Re- 
curring to the figure of that article, it is evidently the 
same thing, so far as their visibility is concerned, 
whether he has been carried by the earth's rotation suc- 
cessively into the situations A, B, C ; or whether, the 
earth remaining at rest, he has transferred himself per- 
sonally along its surface to those stations. Our spectator 
in the park will obtain precisely the same view of the 
landscape, whether he walk round the tree, or whether 
we suppose it sawed off, and made to turn on an upright 
pivot, while he stands on a projecting step attached to it, 
and allows himself to be carried round by its motion. 
The only difference will be in his view of the tree it- 
self, of which, in the former case, he will see every part, 
but, in the latter, only that portion of it which remains 
constantly opposite to him, and immediately under his 
eye. 

(53.) By such a rotation of the earth, then, as we 
have supposed, the horizon of a stationary spectator will 
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be constantly depressing itself below tbose objects which 
lie in that region of space towards wliich the rotation is 
carrying him, and elevating itself above those in the op- 
posite quarter ; admitting into view the ibrmer, and suc- 
cessively hiding the latter. As the horizon of every such 
spectator, however, appears to him motionless, all such 
changes will be referred by him to a motion in the objects 
themselves so successively disclosed and concealed. In 
place of his horizon approaching the stars, therefore^ he 
will judge the stars to approach his horizon ; and when it 
passes over and hides any of them, he will consider 
them as having sunk below it, or set ; while those it has 
just disclosed, and from which it is receding, will seem 
to be rising above it. 

(54.) If we suppose this rotation of the earth to con- 
tinue in one and tfie same direction, — that is to say, to be 
performed round one and the same axisy till it has com- 
pleted an entire revolution, and come back to tlie position 
from which it set out when the spectator began his obser- 
vations, — it is manifest that every thing will then be in 
precisely the same relative position as at the outset : all 
the heavenly bodies will appear to occupy the same 
places in the concave of the sky which they did at that 
instant, except such as may have actually moved in the 
interim ; and if the rotation still continue, the same phe- 
nomena of their successive rising and setting, and return 
' to the same places, will continue to be repeated in the 
same order, and (if the velocity of rotation be uniform) 
in equal intervals of time, ad infinitum. 

(55.) Now, in this we have a lively picture of that 
grand phenomenon, the most important beyond all com- 
parison which nature presents, the daily rising and setting 
of the sun and stars, their progress through the vault of 
the heavens, and their return to the same apparent places 
at the same hours of the day and night. The acconv- 
plishment of this restoration in the regular interval of 
twenty-four hours, is the first instance we encounter of 
that great law of periodicity^* which, as we shall see, 
pervades all astronomy ; by which compression we undex^ 
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Btand the continual reproduction of the same phenomena, 
in the same order, at equal intervals of time. 

(56.) A free rotation of the earth round its centre, if it 
exist and be performed in consonance with the same me- 
chanical laws which obtain in the motions of masses of 
matter under our immediate control, and within our ordi- 
nary experience, must be such as to satisfy two essential 
conditions. It must be invariable in its direction with 
respect to the sphere itself, and uniform in its velocity. 
The rotation must be permrmed round an axis or diame- 
ter of the sphere, whose poles, or extremities, where it 
meets the surface, correspond always to the same points 
on tlie sphere. Modes of rotation of a solid body under 
the influence of external agency are conceivable, in which 
the poles of the imaginary line or axis about which it is 
at any moment revolving shall hold no fixed places on the 
surface, but shift upon it every moment. Such changes, 
however, are inconsistent with the idea of a rotation of 
a body of regular figure about its axis of symmetry, per- 
formed in free space, and without resistance or obstruc- 
tion from any surrounding medium. The complete ab- 
sence of such obstructions draws with it, of necessity^ 
the strict fulfilment of the two conditions above men- 
tioned. 

(57.) Now, these conditions are in perfect accordance 
with what we observe, and what recorded observation 
teaches us in respect of the diurnal motions of the hea-*^ 
venly bodies. We have no reason to believe, from his*- 
tory, that any sensible change has taken place since the 
earliest ageS in the interval of time elapsing between two 
successive returns of the same star to the same point of 
the sky ; or, rather, it is demonstrable from astronomical 
records that no such change has taken place. And with 
respect to the other condition, — the permanence of the 
axis of rotation,^^ilie appearances which any alteration 
in that respect must produce, would be marked, as we 
shall presently show, by a corresponding change of a 
very obvious kind in the apparent motions of the stars;' 
which, again, history decidedly declares them not to have 
undergone. 

(58.) But, before we proceed to examine more in de« 
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tail how the hypothesis of the rotation of the earth about 
an axis accords with the phenomena which the diurnal 
motion of the heavenly bodies ofiers to our notice, it will 
be proper to describe, with precision, in what that diur- 
nal motion consists, and how far it is participated in 
by them all ; or whether any of them form exceptions, 
wholly or partially, to the common analogy of the rest. 
We will, therefore, suppose the reader to station himself, 
on a clear evening, just after sunset, when the first stars 
begin to appear, in some open situation whence a good 
general view of the heavens can be obtained. He will 
then perceive, above and around him, as it were, a vast 
concave hemispherical vault, beset with stars of various 
magnitudes, of which the brightest only will first catch 
his attention in the twilight ; and more and more will 
appear as the darkness increases, till the whole sky is 
overspangled with them. When he has awhile admired 
the calm magnificence of this glorious spectacle, the 
thenje of so much song, and of so much thought, — a 
spectacle which no one can view without emotion, and 
without a longing desire to know something of its na- 
ture and purport,---4et him fix his attention more particu- 
larly on a few of the most brilliant stars, such as he can- 
not fail to recognise again without mistake after looking 
away from them for some time, and let him refer their ap- 
parent situations to some surrounding objects, as build- 
ings, trees, 4&c., selecting purposely such as are in dif- 
ferent quarters of his horizon. On comparing them again 
with their respective points of reference, after a moderate 
interval, as the night advances, he will not fail to per- 
ceive that they have changed their places, and advanced, 
as by a general movement, in a westward direction ; 
those towards the eastern quarter appearing to rise or re- 
cede from the horizon, while those which lie towards the 
west will be seen to approach it; and, if watched long 
enough, will, for the most part, finally sink beneath it, 
and disappear ; while others, in the eastern quarter, will 
be seen to rise as if out of the earth, and, joining in the 
general procession, will take tlieir course with the rest 
towards the opposite quarter. 
(59.) If he persists for a coBsiderable time in watch- 
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ing their motions, on the same or on several successive 
nights, he will perceive that each star appears to describei 
as far as its course lies above the horizon, a circle in the 
sky ; that the circles so described are not of the same 
magnitude for all the stars ; and that those described by 
different stars differ greatly in respect of the parts of 
them which lie above the horizon, some, which lie to- 
wards the quarter of the horizon which is denominated 
the South,* only remain for a short time above it, and dis- 
appear, after describing in sight only the small upper seg- 
mjsnt of their diurnal circle ; others, which rise between 
the south and east, describe larger segments of their cir- 
cles above the horizon, remain proportionally longer in 
sight, and set precisely as far to the westward of south 
as they rose to the eastward ; while such as rise exactly 
in the east remain just twelve hours visible, describe a 
semicircle, and set exactly in the west. With those, 
again, which rise between the east and north, the same 
law obtains ; at least, as far as regards the time of their 
remaining above the horizon, and the proportion of the 
visible segment of their diurnal circles to their whole cir- 
cumferences. Both go on increasing; they remain in 
view more than twelve hours, and their visible diurnal 
arcs are more than semicircles. But the magnitudes of 
the circles themselves diminish, as we go from the east, 
northward ; the greatest of all the circles being described 
by those which rise exactly in the east point. Carrying 
his eye farther northwards, he will notice, at length, stars 
which, in their diurnal motion, just graze the horizon at 
its north point, or only dip below it for a moment ; while 
others never reach it all, but continue always above it, 
revolving in entire circles round one point, called the 
POLE, which appears to be the common centre of all 
their motions, and which alome, in the whole heavens, 
may be considered immovable. Not that this point is 
marked by any star. It is a purely imaginary centre ; 
but there is near it one considerably bright star, called 
the Pole Star, which is easily recognised by the very 

* We supjpose our observer to be ttBtioned in some northern latitude 
•omewbeie in Europe, for examphk 
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small circle it describes : so small, indeed, that, without 
paying particular attention, and referring its position very 
nicely to some fixed mark, it may easily be supposed at 
rest, and be, itself, mistaken for the common centre about 
which all the others in that region describe their circles ; 
or it may be knowti by its configuration with a very 
splendid and remarkable constellation or group of stars, 
called by astronomers the Great Bear. 

(60.) He will further observe that the apparent rela 
tive situations of all the stars among one another is not 
changed by their diurnal motion. In whatever parts of 
their circles they are observed, or at whatever hour of the 
night, they form with each other the same identical groups 
or configurations, to which the name of constellations 
has been given. It is true, that, in dififerent parts of their 
course, these groups stand differently with respect to the 
horizon ; and those towards the north, when in the course? 
of their diurnal movement they pass alternately above and 
below that common centre of motion described in the last 
article, become actually inverted with respect to the hori- 
zon, while, on the other hand, they always turn the same' 
points towards the pole. In short, he will perceive that 
the whole assemblage of stars visible at once, or in suc- 
cession, in the heavens, may be regarded as one great 
constellation, which seems to revolve with a uniform mo- 
tion, as if it formed one coherent mass ; or as if it were at- 
tached to the internal surface of a vast hollow sphere, 
having the earth, or rather the spectator in the centre, and 
turning round an axis inclined to his horizon, so as to pass 
through that fixed point or pole already mentioned. 

(61.) Lastly, he will notice, if he have patience to 
outwatch a long winter's night, commencing at the earli- 
est moment when the stars appear, and continuing till 
morning twilight, that ^ose stars which he observed set- 
ting in the west have again risen in the east, while those 
which were rising when he first began to notice theni 
have completed their course, and are now set ; and that 
thus the hemisphere, or a great part of it, which was then 
above, is now beneath him, and its place supplied by th^t 
which was at first under his feet, which he will thus disco- 
ver to be no less copiously furnished Itrith stars than the 

F 
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other, and bespangled with groups no less permanent and 
distinctly recognisable. Thus he will learn that the great 
constellation we have above spoken of as revolving round 
the pole is co-extensive with the whole surface of the 
sphere, being in reality nothing less than a universe of 
luminaries surrounding the earth on all sides, and brought 
in succession before his view, and referred (each lumina- 
ry according to its own visual ray or direction from his 
eye) to the imaginary spherical surface, of which he him- 
self occupies the centre. (See art. 49.) 

(62.) There is, however, one portion or segment of 
this sphere of which he will not thus obtain a view. As 
there is a segment towards the north, adjacent to the pole 
above his horizon, in which the stars never setj so there 
is a corresponding segment, about which the smaller cir- 
cles of the more southern stars are described, in which 
they never rise. The stars which border upon the extreme 
circumference of this segment just graze the southern point 
of his horizon, and show themselves for a few moments 
above it, precisely as those near the circumference of the 
northern segment graze his northern horizon, and dip for a 
moment below it, to reappear immediately. Every point 
in a spherical surface has, of course, another diametrically 
opposite to it ; and as the spectator's horizon divides his 
sphere into two hemispheres — a superior and inferior-^ 
there must of necessity exist a depressed pole to the south, 
corresponding to the elevated one to the north, and a por- 
tion surrounding it, perpetually beneath, as there is an- 
other surrounding the north pole, perpetually above it, 

'' Hie vertex nobis semper sublimis ; at ilium 
Sub pedibus nox atra videt, manesque profundi." — VirgUm 

One pole rides hi^h, one, plunged beneath the main, 
Seeks the deep mght, and Pluto's dusky reign. 

(63.) To get sight of this segment, he must travel south- 
wards. In so doing, a new set of phenomena come for- 
ward. In proportion as he advances to the south, some 
of those constellations which, at his original station, barely 
grazed the northern horizon, will be observed to sink be- 
low it and set ; at first remaining hid only for a very short 
time,but gradually for a longer part of the twenty-four hours. 
They wiU continue, however, to circulate about the same 
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point — that is, holding the same invariable position imth 
respect to them in the concave of the heavens among the 
stars ; but this point itself will become gradually depress- 
ed with respect to the spectator's horizon. The axis, in 
short, about which tha diurnal motion is performed, will 
appear to have become continually less and less inclined 
to the horizon ; and by the same degrees as the northern 
pole is depressed the southern will rise, and constellations 
surrounding it will come into view ; at first momentarily, 
but by degrees for longer and longer times in each diur- 
nal revolution — ^realizing, in short, what we have already 
stated in art. 51. 

(64.) If he travel continually southwards, he will at 
length reach a line on the earth's surface, called tlie equa" 
tor, at any point of which, indifferently, if he take up his 
station and recommence his observations, he will find that 
he has both the centres of diurnal motion in his horizon, 
occupying opposite points, the northern pole having been 
depressed, and the southern raised ; so that, in this geo- 
graphical position, the diurnal rotation of the heavens 
will appear to him to be performed about a horizontal 
axis, every star describing half its diurnal circle above and 
half beneath his horizon, remaining alternately visible for 
twelve hours, and concealed during the same interval. 
In this situation, no part of the heavens is concealed from 
his successive view. In a night of twelve hours (suppo- 
sing such a continuance of darkness possible at the equa- 
tor) the whole sphere will have passed in review over, 
him — the whole hemisphere with which he began his 
night's observation will have been carried down beneath 
him, and the entire opposite one brought up from below. 

(65.) If he pass Uie equator, and travel still farther 
southwards, the southern pole of the heavens will become 
elevated above his horizon, and the northern will sink 
below it ; and the more, the farther he advances south- 
wards ; and when arrived at a station as far to the south 
of the equator as that from which he started was to the 
north, he will find the whole phenomena of the heavens 
reversed. The stars which at his original station de- 
scribed their whole diurnal circles above his horizon, and 
never 9et» now describe them entirely below it, and never 
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me, but remain constantly invisible to him ; and via 
versa, those star9 which at his former station he never 
fiaw, ho will now never cease to see. 

(66.) Finally, if instead of advancing southwards from 
his first station, he travel northwards, he will observe the 
northern pole of the heavens to become more elevated 
above his horizon, and the southern more depressed be- 
low it. In consequence, his hemisphere will present a 
less variety of stars, because a greater proportion of the 
whole surface of the heavens remains constantly visible 
or constantly invisible : the circle described by each star, 
too, becomes more nearly parallel to the horizon ; and, 
in short, every appearance leads to suppose that could he 
travel far enough to the north, he would at length attain 
a point vertically under the northern pole of the heavens, 
at which none of the stars would either rise or set, but 
each would circulate round the horizon in circles parallel 
to it. Many endeavours have been made to reach this 
point, which is called the north pole of the earth, but 
hitherto without success ; a barrier of almost insurmount- 
able difficulty being presented by the increasing rigour 
of the climate : but a very near approach to it has been 
made ; and the phenomena of those regions, though not 
precisely such as we have described as what must subsist ol 
the pole itself, have proved to be in exact correspondence 
with its near proximity. A similar remark applies to the 
soutli pole of the earth, which, however, is more unap* 
proachable, or, at least, has been less nearly approached, 
than the north. 

(67.) The above is an account of the phenomena of 
the diurnal motion of the stars, as modified by different 
geographical situations, not grounded on any specula- 
tion, but actually observed and recorded by travellers 
and voyagers. It is, however, in complete accordance 
with the hypothesis of a rotation of the earth round a 
fixed axis. In order to show this, however, it will be 
necessary to premise a few observations on the appear- 
ances presented by an assemblage of remote objects » 
when viewed from different parts of a small and circum- 
scribed station. 

f 68.) Imagine a landscape, in which a great multitude 
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of objects are placed at every variety of distance from the 
beholder. If he shift his point of view, though but for 
a few paces, he will perceive a very great change in the 
apparent positions of the nearer objects, both with re- 
spect to himself and to each other. If he advance north- 
wards, for instance, near objects on his right and left, 
which were, therefore, to the east and west of his 
original station, will be left behind him, and appear to 
have receded southwards; some, which covered each 
other at first, will appear to separate, and others to ap- 
proach, and perhaps conceal each other. Remote objects, 
on the contrary, will exhibit no such great and remarka- 
ble changes of relative position. An object to the east 
of his original station, at a mile or two distance, wDl 




still be referred by him to the east point of his horizon, 
with hardly any perceptible deviation. The reason of 
this is, that the position of every object is referred by us 
to the surface of an imaginary sphere of an indefinite ra- 
dius, having our eye for its centre ; and, as we advance 
in any direction, AB, carrying this imaginary sphere 
along" with us, the visual rays AP; AQ, by which ob- 
jects are referred to its surface (at c, for instance), shift 
their positions with respect to the line in which w^e 
move, AB, which serves as an axis or line of reference, 
and assume new positions, BP/7, BQ ^, revolving round 
their respective objects as centres. Their intersections, 
therefore, /?, q, with our visual sphere, will appear to 
i«cede on its surface, but with different degrees of an- 
gular velocity in proportion to their proximity; the 
same distance of advance AB subtending a greater an- 
gle, APBsscPj9,'at the near object P than at the remote 

one Q« 
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^ I 

(60.") This apparent angular motion of an object on 
our sphere of vision,* arising from a change of our point ■ 
of view, is called parallax^ and it is always expressed | 
by the angle BAP subtended at the object P by a b'ne 
joining the two points of view AB under consideration. 
For it is evident that the difference of angular position 
of P, with respect to the invariable direction ABD 
when viewed from A and from B, is the difference of . 
the two angles DBP and DAP ; now, DBP being thi* 
exterior angle of the triangle, ABP is equal to the sun» 
of the interior and opposite, DBP=DAP-J- APB, whence 
DBP— DAP=APB. 

(70.) It follows from this, that the amount of paral 
lactic motion arising from any given change of our point 
of view is, cxteris paribus, less, as the distance of an 
object viewed is greater; and when that distance is ex- 
tremely great in comparison with the change in our point 
of view, tlic parallax becomes insensible ; or, in other 
words, objects do not appear to vary in situation at all. 
It is on this principle, that in alpine regions visited for 
the first time we are surprised and confounded at the 
little progress we appear to make by a considerable 
change of place. An hour's walk, for instance, produces 
but a small parallactic change in the relative situations 
of the vast and distant masses which surround us. 
Whether we walk round a circle of a hundred yards in 
diameter, or merely turn ourselves round in its centre, 
the distant panorama presents almost exactly the same as- 
-pect, — we hardly seem to have changed our point of view. 

* The ideal sphere without us, to which we refer the places ofobjects, 
and which we carry along with us wherever we po, is no doubt inti* 
mately connected by association, if not entirely dependent on that ob- 
scure perception of sensation in the retinee of our eyes, of which, even 
when closed and unexcited, we cannot entirely divest them. We nave 
a real spherical sur&ce within our eyes, the seat of sensation and vision, 
corresponding, point for point, to the external sphere. On this the stan^ 
&c. are really mapped down, as we have supposed them in the text to. 
be, on the ima^nary concave of the heavens. When the whole surfiice 
of the retinae is excited by light, habit leads us to associate it with tho. 
idea of a real surface existing without us. Thus we become impressed 
with the notion of a sky and a heaven^ but the concave surface of the 
rctinee itself is tlie true seat of all vi»tbte angular dimension and angular 
motion. The substitution of the retina for the heaven$ would be awkwaid 
and inconvenient in language, but it may always be mentally made. 
(3ee Schiller's pretty enigma on the eye in nis Turaudot) 
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exAP. 1.3 

(71.) Whatever notion, in other respects, we may 
form of the stars, it is quite clear they must be im- 
mensely distant. Were it not so, the apparent angular 
interval between any two of them seen over head would 
be much greater than when seen near the horizon, and 
the constellations, instead of preserving the same ap- 
pearances and dimensions during their whole diurnal 
course, would appear to enlarge as they rise higher in 
the sky, as we see a small cloud in the horizon swell 
into a great overshadowing canopy when drifted by the 
wind across our zenith, or as may be seen in the annex- 
ed figure, where a 6, AB, a b, are three different positions of 




the same stars, as they would, if near the earth, be seen 
from a spectator S, under the visual angles aS6, ASB. 
No such change of apparent dimension, however, is ob- 
served. The nicest measurements of the apparent an- 
gular distance of any two stars inter ae, taken in any 
parts of their diurnal course, (after allowing for the un- 
equal effects of refraction, or when taken at such times 
that this cause of distortion shall act equally on both,) 
manifest n^t the slightest perceptible variation. Not 
only this, but at whatever point of the earth's surface the 
measurement is performed, the results are absolutely 
identical. No instruments ever yet invented by man 
are delicate enough to indicate, by an increase or dimi- 
nution of the angle subtended, that one point of the 
earth is nearer to or further from the stars than another. 
(72.) The necessary conclusion from this is, that the 
dimensions of the earth, large as it is, are comparatively 
nothings absolutely imperoeptiUd, when compared witk 
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the interval which separates the stars from the earth. If 
an observer walk round a circle not more than a few 
yards in diameter, and from different points in its ci^ 
cumference measure with a sextant, or other more exact 
instrument adapted for the purpose, the angles PAQ, 
PBQ, PCQ, subtended at those stations by two well 
defined points in his visible horizon, PQ, he will at once 




be advertised, by the difference of the results, of his 
change of distance from them arising from his change 
of place, although that difference may be so small as to 
produce no change in their general aspect to his unas- 
sisted sight. This is one of the innumerable instances 
where accurate measurement obtained by instrumental 
means places us in a totally different situation in respect 
to matters of fact, and conclusions thence deducible, 
from what we should hold, were we to rely in all cases 
on the mere judgnient of the eye. To so great a nicety 
have such observations been carried by the aid of an 
instrument called a theodolite, that a circle of the dia- 
meter above mentioned may thus be rendered senaibk, 
may thus be detected to have a size, and an ascertainable 
place, by reference to objects distant by fully 100,000 
times its own dimensions. Observations, differing, it is 
true, somewhat in method, but identical in principle, 
and executed with nearly as much exactness, have been 
applied to the stars, and with a result such as has been 
already stated. Hence it follows, incontrovertibly, that 
the distance of the stars from the earth cannot be so 
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8maU as 100,000 of the earth*s diameters. It is, indeed, 
incomparably greater; for we shall hereafter find if fully 
demonstrated 'that the distance just named, immense as it 
may appear, is yet much underrated. 

(73.) From such a distance, to a spectator with our 
fiaculties, and furnished with our instruments, the earth 
would be imperceptible ; and, reciprocally, an object of 
the earth's size, placed at the distance of the stars, would 
be equally undiscernible. If, therefore, at the point on 
which a spectator stands, we draw a plane touching the 
globe, and prolong it in imagination till it attain the 
region of the stars, and through the centre of the earth 
conceive another plane parallel to the former, and co^ 
extensive with it, to pass; these, althongh separated 
throughout their whole extent by the same interval, viz. 
a semi-diameter of the earth, will yet, on account of the 
vast distance at which that interval is seen, be confound* 
ed together, and undistinguishable from each other in the 
region of the stars, when viewed by a spectator cm the 
earth. The zone they there include will be of evanescent 
breadth to his eye, and will only mark out a great circle in 
the heavens, which, like the vamshing point in perspec- 
tive to which all parallel lines in a picture appear to 
converge, is, in fact, the vanishing line to which sJl 
planes parallel to the horizon offer a similar appearance 
of ultimate convergence in the great panorama of nature. 

(74.) The two planes just described are termed, in 
astronomy, the sensible and rational horizon of the ob- 
server's station ; and the great circle in the heavens which 
marks their vanishing line, is also spoken of as a circle 
of the sphere, under the name of the celestial horizon^ 
or simply the horizon. 

From what has been said (art. 7^) of the distance 
of the stars, it follows, that if we suppose a spectator 
at the centre of the earth to have his view bounded by 
the rational horizon, in the same manner as that of a 
corresponding spectator on the surface is by his sensible 
horizon, the two observers will see the same stars in the 
same relative situations, each beholding that entire he* 
misphere of the heavens which is above tlie celestial 
faorizoD, corresponding to their common senith. 



5S A TREATISE ON A8TR0KOMT. [cHAP.t 

(75.) Now, so far as appearances go, it is clearly tiic 
same thing whether the heavens, that is, all space, with 
its contents, revolve round a spectator at rest in the earth's 
centre, or whether that spectator simply turn round in the 
opposite direction in his place, and "View them in suc- 
cession. The aspect of the heavens, at every instant, as 
referred to his horizon (which must be supposed to turn 
with him), will be the same in both suppositions. And 
since, as has been shown, appearances are also, so far as 
the stars are concerned, the same to a spectator on the sur- 
face as to one at the centre, it follows that, whether we sup- 
pose the heavens to revolve without the earth, or the earth 
within the heavens, in the opposite direction, the diurnal 
phenomena, to all its inhabitants, will be no way different. 

(76.) The Copernican astronomy adopts the latter as 
the true explanation of these phenomena, avoiding there- 
by the necessity of otherwise resorting to the cumbrous 
mechanism of a solid but invisible sphere, to which the 
stars must be supposed attached, in order that they may 
be carried round the earth without derangement of their 
relative situations inter se. Such a oontrivance would, 
indeed, suffice to explain the diurnal revolution of the 
stars, so as to " save appearances ;" but the movements of 
the sun and moon, as well as those of the planets, are in- 
compatible with such a supposition, as will appear when 
we come to treat of these bodies. On the other hand, that 
a spherical mass of moderate dimensions (or, rather, 
when compared with the surrounding and visible universe, 
of evanescent magnitude), held by no tie, and free to move 
and to revolve, should do so, in conformity with those 
general laws which, so far as we know, regulate the mo- 
tions of all material bodies, is so far from being a postu- 
late difficult to be conceded, that the wonder would rathex 
be should the fact prove otherwise. As a postulate, there 
fore, we shall henceforth regard it; and as, in the pro- 
gress of our work, analogies offer themselves in its sup- 
port from what we observe of other celestial bodies, we 
shall not fail to point them out to the reader's notice. 
Meanwhile, it will be proper to define a variety of terms 
which will be continually employed hereafter. 

(77,) PsFiNiTioN X. The axis of the earth is that di- 
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ameter about which it revolves, with a uniform motion, 
from west to east ; performing one revolution in the in- 
terval which elapses between any star leaving a certain 
point in the heavens, and returning to the same point 
again. 

(78.) Def. 2. The poles of the earth are the points 
where its axis meets its surface. The North Pole is that 
nearest to Europe ; the South Pole that most remote from it. 

(79.) Def. 3. The sphere of the heavens, or the sphere 
of the stars, is an imaginary spherical surface of infinite 
radius, and having the centre of the earth, or, which 
comes to the very same thing, the eye of any spectator 
on its surface, for its centre. Every point in this sphere 
may be regarded as the vanishing point of a system of 
lines parallel to that radius of the sphere which passes 
through it, seen in perspective from the earth ; and any 
great circle on it, as the vanishing line of a system of 
planes parallel to its own. This mode of conceiving such 
points and circles has great advantages in a variety of cases. 

(80.) Def. 4, The zenith and nadir* are the two points 
of the sphere of the heavens, vertically over the specta- 
tor's head, and vertically under his feet ; they are, there- 
fore, the vanishing points of all lines mathernaticaUi/ pa- 
rallel to the direction of a plumb-line at his station. The 
plumb-line itself is, at every point of the earth, perpen- 
dicular to its spherical surface : at no two stations, there- 
fore, can the actual directions of two plumb-lines be re- 
garded as mathematically parallel. They converge to- 
wards the centre of the earth : but for very small intervals 
(as in the area of a building — in one and the same town, 
dec.) the difference from exact parallelism is so small, that 
it may be practically disregarded. An interval of a mile 
corresponds to a convergence of plumb-lines amounting 
to about 1 minute. The zenith and nadir are the poles 
of the celestial horizon ; that is to say, points 90° distant 
from every point in it. The celestial horizon itself is 
the vanishing line of a system of planes parallel to the 
sensible and rational horizon. 

* From Arabic words. Nadir correspondi evidently to the Gennaa 
^^^(down) 



M A TREATUn ON ASTSONOMT. [^CHAF. L 

(81.) Def. 5. Vertical circles of the sphere are great 
circles passing through the zenith and nadir, or great ci^ 
cles perpendicular to the horizon. On these are mea- 
sured the altitudes of objects above the horizon — ^the 
complements to which are their zenith distances. 

(82.) Def. 6. The polos of the heavens are the points 
of the sphere to which the earth's axis is directed ; or 
tlie vanishing points of all lines parallel thereto. 

(83.) Def. 7. The earth's equator is a great circle on 
its surface, equidistant from its poles, dividing it into 
two hemispheres — a northern and a southern ; in the 
midst of which are situated the respective poles of the 
earth of those names. The plane of the equator is, 
therefore, a plane perpendicular to the earth's axis, and 
passing through its centre. The celestial equcUor is a 
great circle of the heavens, marked out by the indefinite 
extension of the plane of the terrestrial, and is the vanish- 
ing line of all planes parallel to it. This circle is called 
by astronomers the equinoctial. 

(84.) Def. 8. The terrestrial meridian of a station 
on the earth's surface is a great circle passing through 
both the poles and through the place. When its plane 
is prolonged to the sphere of the heavens, it marks out 
the ce/e^/ia/mm-iianof a spectator stationed at that plaee. 
When we speak of the meridian of a spectator, we intend 
the celestial meridian, wliich is a vertical circle passing 
through the poles of the heavens. 

The plane of the meridian is the plane of this eircle, 
and its intersection with the sensible horizon of the spec- 
tator is called a meridian line, and marks the north and 
south points of his horizon. 

(85.) Def. 9. Azimuth is the angular distance of a 
celestial object from the north or south point of the hori- 
zon (according as it is tlie north or south pole which is 
elevated)^ when the object is referred to the horizon by 
a vertical circle ; or it is the angle comprised between 
two vertical planes — one passing through the- elevated 
pole, the other through the object. The altitude and 
azimuth of an object being known, therefore its place in 
the visible heavens is determined. For their simultane- 
ous measurement, a peculiar instrument has been ima- 
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gined, called an altitude and azimuth instrument, which 
will be described in the next chapter. 

(86.) Def. 10. The latitude of a place on the earth's 
surface is its angular distance from the equator, measured 
on its own terrestrial meridian : it is reckoned in degrees, 
minutes, and seconds, from up to 90°, and northwards 
or southwards according to the hemisphere the place lies 
in. Thus, the observatory at Greenwich is situated in 
51° 28' 40" north latitude. This definition of latitude, it 
will be observed, is to be considered as only temporary. 
A more exact knowledge of the physical structure and 
figure of the earth, and a better acquaintance with the 
niceties of astronomy, will render some modification of its 
terms, or a diflferent manner of considering it, necessary. 

(87.) Def. 11. Parallels of latitude are small circles 
on the earth's surface parallel to the equator. Every 
point in such a circle has the same latitude. Thus, Green- 
wich is said to be situated in the parallel o/* 51° 28' 40". 

(88.) Def. 12. The longitude of a place on the earth's 
surface is the inclination of its meridian to that of some 
fixed station referred to as a point to reckon from. Eng- 
lish astronomers and geographers use the observatory at 
Greenwich for this station ; foreigners, the principal qJ^- 
servatories of their respective nations. Some geographers 
have adopted the island of Ferro. Hereafter, when we 
speak of longitude, we reckon from Greenwich. The 
longitude of a place is, therefore, measured by the arc of 
the equator intercepted between the meridian of a place 
and that of Greenwich ; or, which is the same thing, by 
the spherical angle at the pole included between these 
meridians. ^ 

As latitude is reckoned north or south, so longitude 
is usually said to be reckoned west or east. It would 
add greatly, however, to systematic regularity, and tend 
much to avoid confusion and ambiguity in computations, 
were this mode of expression abandoned, and longitudes 
reckoned invariably weatumrd from their origin round 
the whole circle from to 360**. Thus the longitude 
of Paris is, in common parlance, either 2° 20' 22" east, 
or 357° 39' 38" west of Greenwich. But, in the sense 
on which we shall henceforth use and recommend others 

G 
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to use the term, the latter is its proper designation. I 
Longitude is also reckoned in time at the rate of 24 L I 
for 360°, or 15° per hour. In this system the loi ■ 

of Paris is 23h. 50m. 38^8. 

(89.) Knowing the longitude and latitude of a place, 
it may he laid down on an artificial globe ; and thu i 
map of the earth may be constructed. Maps of particu- 
lar countries are detached portions of this general map} 
extended into planes ; or, rather, they are representatioof 
on planes of such portions, executed according to certain 
conventional systems of rules, called projections^ the 
object of which is either to distort as little as possible 
the outlines of countries from what they are on the ^obe 
— or to establish easy means of ascertaining, by inspeo- 
tion or graphical measurement, the latitudes and longi- 
tudes of places which occur in them, without refenriof 
to the globe or to books — or for other peculiar uses. See 
chap. III. 

(00.) A globe, or general map of the heavens, as weU 
as charts of particular parts, may also be constructed, 
and the stars laid down in their proper situations rela- 
tive to each other, and to the poles of the heavens and 
the celestial equator. Such a representation, once made, 
will exhibit a true appearance of the stars as they pre- 
sent themselves in succession to every spectator on the 
surface, or as they may be conceived to be seen at once 
by one at the centre of the globe. It is, therefore, in- 
dependent of all geographical localities. There will 
occur in such a representation neither zenith, nadir, nor 
horizon — neither east nor west points ; and although 
great circles may be drawn on it from pole to pole, cor 
responding to terrestrial meridians, they can no longer, 
in this point of view, be regarded as the celestial meri- 
dians of fixed points on the earth's surface, since, in 
the course of one diurnal revolution, every point in it 
passes beneath each of them. It is on account of this 
change of conception, and with a view to establish a 
complete distinction between the two branches of Geo- 
graphy and Uranography,* that astronomers have 
•dopted different terms (viz. declination^ and right 

♦ Tf, the aarth; xf*?'*-, to decwrihe or repretent: •v^wg^ the heftveiiB. 
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tucension) to represent those arcs in the heavens whidi 
correspond to latitudes and longitudes on the earth. It 
is for this reason that they term the equator of the hea- 
vens the equinoctial ; that what are meridians on the 
earth are called hour circles in the heavens, and the 
angles they include between them at the poles are Called 
hfnir angles. All this is convenient and intelligible; 
aAd had they been content with this nomenclature, no 
confusion could ever have arisen. Unluckily, the early 
astronomers have employed also the words latitude and 
longitude in their uranography, in speaking of arcs of 
circles not corresponding to those meant by the same 
Words on the earth, but having reference to the motion 
of the sun and planets among the stars. It is now too 
iate to remedy this confusion, which is ingrafted into 
every existing work on astronomy : we can only regret^ 
and warn the reader of it, that he may be on his guard 
when, at a rtiore advanced period of our work, we 
shall have occasion to define and use the terms in their 
celesticd sense, at the same time urgently recommending 
to future writers the adoption of others in their places. 

(91.) As terrestrial longitudes reckon from an assumed 
fixed meridian, or from a determinate point on the equa- 
tor ; so right ascensions in the heavens require some 
determinate hour circle, or some known point in the 
equinoctial, as the commencement of their reckoning, or 
their zero point. The hour circle passing through some 
remariiably bright star might have been chosen ; but there 
would have been no particular advantage in this ; and 
astronomers have adopted, in preference, a point in the 
equinoctial called the equinox, through which they sup- 
pose the hour circle to pass, from which all others are 
reckoned, and which point is itself the zero point of all 
right ascensions, counted on the equinoctial. 

The right ascensions of celestial objects are always 
reckoned eastward from the equinox, and are estimated 
either in degrees, minutes, and seconds, as in the case 
of terrestrial longitudes, from 0° to 360**, which com- 
pletes the circle ; or, in time, in hours, minutes, and 
seconds, from h. to 2i h. The apparent diurnal motion 
wf the heavens being contrary to the real motion of the 
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ewrtht this is in conformity with the westward retiait 
iag of loiigitudeB. (Art. 87.) 

(93.) Sidereal time is reckoned hy ibe dinmal motioB 
of the atara, or ratlier of that point in the equiooctial 
from which right ascensions are reckoned. This point 
may be considered as a star, though no star is, in fae^ 
there ; and, moreover, the point itself is liable to a cer- 
tain slow variation, — so slow, however, as not to affect 
perceptibly, the interval of any two of its aacceasim 
returns to the meridian. This interval is called a aido- 
real day, and is divided into 24 sidereal honra, and theae 
again into minutes and seconds. A clock which marks 
sidereal lime, i. e. which goes uniformly at ancfa a rale 
as always to show h. m. s. when the equinox comfle 
on the meridian, is called a aidereal clock, and is an ilk- 
dispensable piece of furniture in every obaerratory. 

(93.^ It remains to illustrate these deacriptiona by 
reference to a figure. Let C be the centre of the eardi. 




NCSils aiis; then are N and Sit8;)o/««;EQ its e5«» 
tor; AB the parailel of latitude of the station A on iu 
surface ! AP parailel to SCN, the direction in which m, 
observer at A will see the devoted pole of the heavens, 
and AZ, the prolongation of the terrestrial radiiw CA, 
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that of his zenith. NAES will be his meridioD ; NGS 
that of Bome fixed station, aa Greenwich; and GE, or 
the spherical an^e GNE, bis longitude, and EA his la- 
titude. Moreover, if ng be a plane touching the surfafft, 
in A, this will be bis sensible horizon ; nA« marked on 
thM plane by its intersection with his meridian will be 
his meridian line, and n aad » the north and south points 
of his horizon. 

(94.) Again, neglecting the size of ^e earth, or coa- 
ceiviag him stationed at its centre, and referring every 
thing to hie rational horizon ; let the annexed figure 
represent the sphere of the heav^is ; C the spectator; 
Z bis zenith ; and N his nadir ; then will HAO a great 
circle of the sphere, whose poles are ZN| be his celet- 
Hal horizon ; Pp the elevated and depre9$ed folks of 
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^ 
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'vjii.^— -ny 
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tiie heavens ; HP the allUude of the pole, and HPZEO 
his meridians ETQ, a great circle perpendicular to I^, 
will be the eqtdnocliai ; and if T represent the equinox, 
T T will be the right oscention, TS the declinaiion, and 
PS the polar distance of any star or object S, referred to 
the equinoctial by the hour circle PSTp; and BSD will 
be the diurnal circle it will appear to describe about ihe 
pole. Ag^n, if we refer it to.the horizon by the vertical 
circle ZSA, HA will be its azimuth, AS its altitude, and 
ZS its zenith distance. H and O are the north and 
south, and cw the east and west points of his horizon, 

an ^ 
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or of the heavens. Moreover, i£ HA, Oo, be small cir- 
cles, or parallels of declination, touching the horizon in 
its north and south points, Hh will be the circle of per- 
pMual apparition, between which and the elevated pole 
the stars never set; Oo that of perpetual occtdtaiian, 
between which and the depressed pole they never rite. 
In all the zone of the heavens between HA and Oo, 
they rise and set, any one of them, as S, remaining above 
the horizon, in that part of its diurnal circle represented 
by AB a, and below it throughout all the part represented 
by AD a. It will exercise the reader to construct this 
figure for several different elevations of the pole, and foi 
a variety of positions of the star S in each. The fol- 
lowing consequences result from these definitions, and 
are propositions which the reader will readily bear in 
mind : — 

(95.) The altitude of the elevated pole is equal to the 
latitude of the spectator's geographical station. For, 
comparing the figures of arts. 93 and 94, it appears that 
the angle PAZ, between the pole and zenith, in the one 
figure, which is the co-altitude (complement to 90*^ of the 
altitude) of the pole, is equal to the angle NCA in the 
other ; CN and AP being parallels whose vanishing point 
is the pole. Now, NCA is the co-latitude of the plane A. 

(96.) The same stars, in their dium'i^ revolution, come 
to the meridian, successively, of every place on the globe 
once in twenty-four sidereal hours. And, since the di- 
urnal rotation is uniform, the interval, in sidereal time, 
which elapses between the same star coming upon the 
meridians of two different places is measured by the dif- 
ference of longitudes of the places. 

(97.) Vice versa — the interval elapsing between two 
differerd stars coming on the meridian of one and the 
same place, expressed in sidereal time, is the measure of 
the difference of right ascensions of the stars. 

This explains the reason of the double division of the 
equator and equinoctial into degrees and hours. 

(98.) The equinoctial intersects the horizon in the east 
and west points, and the meridian in a point whose alti- 
tude is equal to the co-latitude of the place. Thus, at 
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' Greenwich, the altitude of the intersection of the equi- 
noctial and meridian is 38° 31' 20". 

(99.) All the heavenly bodies culminate (i. e. come to 
their greatest altitudes) on the meridian ; which is, there- 
fore, the best situation to observe them, being least con- 
fused by the inequalities and vapours of the atmosphere, 
as well as least displaced by refraction. 

(100.) All celestial objects within the circle of perpe- 
tual apparition come twice on the meridian, above the hori- 
zon, in every diurnal revolution ; once above and once 
below the pole. These are called their upper and lower 
culminations, 

(101.) We shall conclude this chapter by calling the 
reader's attention to a fact, which, if he now learn for the 
first time, will not fail to surprise him, viz. that the stars 
continue visible through telescopes during the day as well 
as the night ; and that, in proportion to the power of the 
instrument, not only the largest and brightest of them, 
but even those of inferior lustre, such as scarcely strike 
the eye at night as at all conspicuous, are readily found 
and followed even at noonday, — unless in that part of the 
sky which is very near the sun, — by those who possess the 
means of pointing a telescope accurately to the proper 
places. Indeed, from the bottoms of deep narrow pits, such 
as a well, or the shaft of a mine, such bright stars as pass 
the zenith may even be discerned by the naked eye ; and 
we have ourselves heard it stated by a celebrated optician, 
that the earliest circumstance which drew his attention 
to astronomy was the regular appearance, at a certain 
hour, for several successive days, of a considerable stary 
through the shaft of a chimney^ 
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CHAPTER II. 

Of the Nature ofastronoinica] IiuBtrumentB and ObBervations in genenl*' 
Of sidereal and solar Time— Of the Measureinonl of Time — Clocin, 
Chronoraeterti, the Transit Instrument — Of the Measurement of angular 
Intervals — Application of the Telescope to InBtrumenls destined to that 
Puri)oee — Of the Mural Circle — Fixation of polar aixl horizontal poinia 
— 'vhe Level — Plumb-line — Artilicial Horizon — CoHimator — Of com- 
pound Instruments with co-ordinate Circles, the £(|uatorial — Altitude 
and Azimuth Instrument— Of the Sextant and reflecting Circio — Prina* 
pie of Repetition. ' 

(102.) Our first chapter has been devoted to the 
acquisition chiefly of preliminary notions respecting the 
globe we inhabit, its relation to the celestial objects which 
surround it, and the pliysical circumstances under which 
all astronomical observations must be made, as well as to 
provide ourselves with a stock of technical words of most 
frequent and familiar use in the sequel. We might now 
proceed to a more exact and detailed statement of the 
facts and theories of astronomy ; but in order to do this 
with full eflfect, it will be desirable that the reader be 
made acquainted with the principal means which astrono* 
mers possess, of determining, with the degree of nicety 
their theories require, the data on which they ground their 
conclusions ; in other words, of ascertaining by measure- 
ment the apparent and real magnitudes with which they 
are conversant. It is orfly when in possession of this 
knowledge that he can fully appreciate either the truth of 
the theories themselves, or the degree of reliance to be 
placed on any of their conclusions antecedent to trial ; 
since it is only by knowing what amount of error can 
certainly be perceived and distinctly measured, that he 
can satisfy himself whether any theory offers so close an 
approximation, in its numerical results, to actual phe- 
nomena, as will justify him in receiving it as a true repre- 
sentation of nature. 

(103.) Astronomical instrument-making may be justly 
regarded as the most refined of the mechanical arts, and 
that in which the nearest approach to geometrical preci- 
sion is required, and has been attained. It may be thought 
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ail easy thing, by one unacquainted with the niceties re- 
quired, to turn a circle in metal, to divide its circumfe- 
rence into 360 equal parts, and these again into smaller sub- 
divisions, — to place it accurately on its centre, and to ad- 
just it in a given position ; but practically it is found to be 
one of the most difficult. Nor will this appear eiftraordina- 
ry, when it is considered that, owing to the application of 
telescopes to the purposes of angular measurement, every 
imperfection of structure or division becomes magnified 
by the whole optical power of that instrument ; and that 
thus, not only direct errors of workmanship, arising from 
unsteadiness of hand or imperfection of tools, but those 
inaccuracies which originate in far more uncontrollable 
causes, such as the unequal expansion and contraction of 
metallic masses, by a change of temperature, and their 
unavoidable flexure of bending by their own weight, be- 
come perceptible and measurable. An angle of one mi- 
nute occupies, on the circumference of a circle of 10 
inches in radius, only about jjj^th part of an inch, a quan- 
tity too small to be certainly dealt with without the use 
of magnifying glasses ; yet one minute is a gross quf^n^ 
tity in the astronomical measurement of an angle. With 
the instruments now employed in observatories, a single 
second, or the 60th part of a minute, is rendered a dis- 
tinctly visible and appreciable quantity. Now, the are 
of a circle, subtended by one second, is less than the 
200,000th part of the radius, so that on a circle of 6 feet 
in diameter it would occupy no greater linear extent than 
j^i^th part of an inch ; a quantity requiring a powerful 
microscope to be discerned at all. Let any one figure to 
himself, therefore, the difficulty of placing on the circum- 
ference of a metallic circle of such dimensions (supposing 
the difficulty of its construction surmounted) 360 marks, 
dots, or cognizable divisions, which shall be true to their 
places within such minute limits ; to say nothing of the 
subdivision of the degrees so marked off into minutes, and 
of these again into seconds. Such a work has probably 
baffied, and will probably for ever continue to baffle, the 
utmost stretch of human skill and industry ; nor, if exe- 
cuted, could it endure. The ever varying fluctuations of 
heat and cold have a tendency to pioduce uot merely teni* 
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porary and transient, but permanent, uncompensated 
chanf^es of form in all considerable masses of ihose metals 
wbic-h alone are applicable to such uses ; and their own I 
weight, however symmetrically formed, must always be 
unequally sustained, since it is impossible to apply the 
sustaining power to every part separately ; even could 
this be done, at all events force must be used to move and 
to fix them ; which can never be done without producing 
temporary and risking permanent change of form. It is 
true, by dividing them on their centres, and in the identi- 
cal places they are destined to occupy, and by a thousand 
ingenious and delicate contrivances, wonders have been 
accomplished in this department of art, and a degree of 
perfection has been given, not merely to chefs d'cetmre^ 
but to instruments of moderate prices and dimensions, and 
in ordinary use, which, on due consideration, must ap- 
pear very surprising. But though we are entitled to look 
for wonders at the hands of scientific artists, we are not 
to expect miracles. The demands of the astronomer 
will always surpass the power of the artist ; and it must, 
therefore, be constantly the aim of the former to make 
himself, as far as possible, independent of the imperfec- 
tions incident to every work the latter can place in his 
hands. He must, therefore, endeavour so to combine his 
observations, so to choose his opportunities, and so to 
familiarize himself with all the causes which may pro- 
duce instrumental derangement, and with all the pecu- 
liarities of structure and material of each instrument he 
possesses, as not to allow himself to be misled by their 
errors, but to extract from their indications, as far as possi- 
ble, all that is true, and reject all that is erroneous. It 
is in this that the art of the practical astronomer consists^ 
— an art of itself of a curious and intricate nature, and of 
which we can here only notice some of the leading and 
general features. 

(104.) The great aim of the practical astronomer be- 
ing numerical correctness in the results of instrumental 
measurement, his constant care and vigilance must be 
directed to the detection and compensation of errors, 
cither by annihilating, or by taking account of, and al- 
lowing for them. Now, if we examine the sources from 
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which errors may arise in ajny instrumental determina- 
tion, we shall find them chiefly reducible to three prin- 
cipal heads :-* 

(105.) 1st, External or incidental causes of error ; 
comprehending such as depend on external, uncontrol- 
lable circumstances : such as, fluctuations of weather, 
which disturb the amount of refraction from its tabu- 
lated value, and, being reducible to no fixed law, induce 
uncertainty to the extent of their own possible magni- 
tude ; such as, by varying the temperature of the air, 
yary also the form and position of the instruments used, 
by altering relative magnitude and the tension of their 
parts ; and others of the like nature. 

(106.) 2dly, Errors of observation : such as arise, for 
example, from incxpertness, defective vision, slowness 
in seizing the exact instant of occurrence of a pheno- 
menon, or precipitancy in anticipating it, &c. ; from at- 
mospheric indistinctness; insufficient optical power in 
the instrument, and the like. Under this head may also 
be classed all errors arising from momentary instrumental 
derangement, — slips in clamping, looseness of screws, &c. 

(107.) 3dly, The third, and by far the most numerous 
class of errors to which astronomical measurements are 
liable, arise from causes which may be deemed instru- 
mental, and which may be subdivided into two principal 
classes. The^r«/ comprehends those which arise from 
an instrument not bdng what it professes to be, which 
is error of workmanship. Thus, if a pivot or axis, in- 
stead of being, as it ought, exact cylindrical, be slightly 
flattened, or elliptical, — if it be not exactly (as it is in- 
tended it should) concentric with the circle it carries ;— - 
if this circle (so called) be in reality not exactly circular, 
or not in one plane ; — if its divisions, intended to be 
precisely equidistant, should be placed in reality at un- 
equal intervals, — and a hundred other things of the same 
sort. These are not mere speculative sources of error, 
but practical annoyances, which every observer has to 
contend with. 

(108.) The other subdivision of instrumental errors 
comprehends such as arise from an instrument not being 
placed in the poBition it ought to have ; and from thos^ 
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or of the heavens. Moreover, i£ HA, Oo, be small cir- 
cles, or parallels of declination, touching the horizon in 
its north and south points, Hh will be the circle of per- 
pMual apparition, between which and the elevated pole 
the stars never set; Oo that of perpetual occtdtatian, 
between which and the depressed pole they never rise. 
In all the zone of the heavens between HA and Oo, 
they rise and set, any one of them, as S, remaining above 
the horizon, in that part of its diurnal circle represented 
by AB a, and below it throughout all the part represented 
by AD a. It will exercise the reader to construct this 
figure for several different elevations of the pole, and foi 
a variety of positions of the star S in each. The fol- 
lowing consequences result from these definitions, and 
are propositions which the reader will readily bear hi 
mind : — 

(95.) The altitude of the elevated pole is equal to the 
latitude of the spectator's geographical station. For, 
comparing the figures of arts. 93 and 94, it appears that 
the angle PAZ, between the pole and zenith, in the one 
figure, which is the co-altitude (complement to 90° of the 
altitude) of the pole, is equal to the angle NCA in the 
other ; CN and AP being parallels whose vanishing point 
is the pole. Now, NCA is the co-latitude of the plane A. 

(96.) The same stars, in their dium'i^ revolution, come 
to the meridian, successively, of every place on the globe 
once in twenty-four sidereal hours. And, since the di- 
urnal rotation is uniform, the interval, in sidereal time, 
which elapses between the same star coming upon the 
meridians of two different places is measured by the dif- 
ference of longitudes of the places. 

(97.) Vice versa — the interval elapsing between two 
differ mt stars coming on the meridian of one and the 
same place, expressed in sidereal time, is the measure of 
the difference of right ascensions of the stars. 

This explains the reason of the double division of the 
equator and equinoctial into degrees and hours. 

(98.) The equinoctial intersects the horizon in the easi 
and west points, and the meridian in a point whose alti- 
tude is equal to the co-latitude of the place. Thus, at 
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' Greenwich, the altitude of the intersection of the equi- 
noctial and meridian is 38° 31' 20". ^^ 

(99.) All the heavenly bodies culminate (i. e, come to 
their greatest altitudes) on the meridian ; which is, there- 
fore, the best situation to observe them, being least con- 
fused by the inequalities and vapours of the atmosphere, 
as well as least displaced by refraction. 

(100.) All celestial objects within the circle of perpe- 
tual apparition come twice on the meridian, above the hori- 
zon, in every diurnal revolution ; once above and once 
below the pole. These are called their upper and lower 
culminations. 

(101.) We shall conclude this chapter by calling the 
reader's attention to a fact, which, if he now learn for the 
first time, will not fail to surprise him, viz. that the stars 
continue visible through telescopes during the day as well 
as the night ; and that, in proportion to the power of the 
instrument, not only the largest and brightest of them, 
but even those of inferior lustre, such as scarcely strike 
the eye at night as at all conspicuous, are readily found 
and followed even at noonday, — unless in that part of tlie 
sky which is very near the sun, — by those who possess the 
means of pointing a telescope accurately to the proper 
places. Indeed, from the bottoms of deep narrow pits, such 
as a well, or the shaft of a mine, such bright stars as pass 
the zenith may even be discerned by the naked eye ; and 
we have ourselves heard it stated by a celebrated optician, 
that the earliest circumstance which drew his attention 
to astronomy was the regular appearance, at a certain 
hour, for several successive days, of a considerable star, 
through the shaft of a chimney^ 
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CHAPTER II. 

Of the Nature ofastronoinica] IiutrumentB and Obaervatians in geneni— 
Of sidereal and sobr Time— Of the Measurement of Time — Clocki^ 
Chronometers, the Transit Instrument — Of the Measurement of angular 
Intervals — Application of the Telescope to Inatrumenls destined to that 
Puruose— Of the Mural Circle — Fixation of polar and hori2ontal poimi 
— ^'fne Level — Plumb-line — Artificial Horizon — Ccdlimator— Of ami- 
pound Instruments with co-ordinate Circles, the £(|uatorial — ^Ahitoda 
and Azimuth Instrumentr-Of the Sextant and reflecting Cirdo — PrinO' 
pie of Repetition. " 

(102.) Our first chapter has been devoted to the 
acquisition chiefly of preliminary notions respecting the 
globe we inhabit, its relation to the celestial objects which 
surround it, and the physical circumstances under which 
all astronomical observations must be made, as well as to 
provide ourselves with a stock of technical words of most 
frequent and familiar use in the sequel. We nnight now 
proceed to a more exact and detailed statement of the 
facts and theories of astronomy ; but in order to do this 
with full eifect, it will be desirable that the reader be 
made acquainted with the principal means which astrono* 
mers possess, of determining, with the degree of nicety 
their theories require, the data on which they ground their 
conclusions ; in other words, of ascertaining by measure- 
ment the apparent and real magnitudes with which they 
are conversant. It is oifly when in possession of this 
knowledge that he can fully appreciate either the truth of 
the theories themselves, or the degree of reliance to be 
placed on any of their conclusions antecedent to trial J 
since it is only by knowing what amount of error can 
certainly be perceived and distinctly measured, that he 
can satisfy himself whether any theory offers so close an 
approximation, in its numerical results, to actual phe- 
nomena, as will justify him in receiving it as a true repre- 
sentation of nature. 

(103.) Astronomical instrument-making may be justly 
regarded as the most refined of the mechanical arts, and 
that in which the nearest approach to geometrical preci- 
sion is required, and has been attained. It may be thought 
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aii easy thing, by one unacquainted with the niceties re- 
quired, to turn a circle in metal, to divide its circumfe- 
rence into 360 equal parts, and these again into smaller sub- 
divisions, — to place it accurately on its centre, and to ad- 
just it in a given position ; but practically it is found to be 
one of the most difficult Nor will this appear extraordina- 
ry, when it is considered that, owing to the application of 
telescopes to the purposes of angular measurement, every 
imperfection of structure or division becomes magnified 
by the whole optical power of that instrument ; and that 
thus, not only direct errors of workmanship, arising from 
unsteadiness of hand or imperfection of tools, but those 
inaccuracies which originate in far more uncontrollable 
causes, such as the unequal expansion and contraction of 
metallic masses, by a change of temperature, and their 
unavoidable flexure of bending by their own weight, be- 
come perceptible and measurable. An angle of one mi- 
nute occupies, on the circumference of a circle of 10 
inches in radius, only about j^j^ih part of an inch, a quan- 
tity too small to be certainly dealt with without the use 
of magnifying glasses ; yet one minute is a gross qu^n* 
tity in the astronomical measurement of an angle. With 
the instruments now employed in observatories, a single 
second, or the 60th part of a minute, is rendered a dis- 
tinctly visible and appreciable quantity. Now, the are 
of a circle, subtended by one second, is less than the 
200,000th part of the radius, so that on a circle of 6 feet 
in diameter it would occupy no greater linear extent than 
j^i^th part of an inch ; a quantity requiring a powerful 
microscope to be discerned at all. Let any one figure to 
himself, therefore, the difficulty of placing on the circum- 
ference of a metallic circle of suoh dimensions (supposing 
the difficulty of its construction surmounted) 360 marks, 
dots, or cognizable divisions, which shall be true to their 
places within such minute limits ; to say nothing of the 
subdivision of the degrees so marked off into minutes, and 
of these again into seconds. Such a work has probably 
baffied, and will probably for ever continue to baffle, the 
utmost stretch of human skill and industry ; nor, if exe- 
cuted, could it endure. The ever varying fluctuations of 
heat and cold have a tendency to pioduce not merely tem^ 
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the spirit of astronomical methods, we shall elucidate 
them by taking a case. Obsen'ant persons, before the 
invention of astronomical instruments, had already con- 
cluded the apparent diurnal motions of the stars to be 
performed in circles about fixed poles in the heavens, 
shown in the foregoing chapter. In draw^ing this con- 
clusion, however, refraction was entirely overlooked, or, 
if forced on their notice by its great magnitude in the 
immediate neighbourhood of the horizon, was regarded 
as a local irregularity, and, as such, neglected or slurred 
over. As soon, however, as the diurnal paths of the stais 
were attempted to be traced by instruments, even of the 
coarsest kind, it became evident that the notion of exact 
circles described about one and the same pole woi^d not 
represent the phenomena correctly, but that, owing to 
some cause or other, the apparent diurnal orbit of every 
star is distorted from a circular into an oval form, its 
lower segment being flatter than its upper ; and the de- 
viation being greater the nearer the star approached the 
horizon, the effect being the same as if the circle had 
been squeezed upwards from below, and the lower parts 
more than tlie higher. For such an effect, as it was soon 
found to arise from no casual or instrumental cause, it 
became necessary to seek .a natural one ; and refraction 
readily occurred to solve the difficulty. In fact, it is a 
case precisely analagous to what we have already (art. 
47) noticed, of the apparent distortion of the sun near 
the horizon, only on a larger scale, and traced up to greater 
altitudes. This new law once established, it became ne- 
cessary to modify the expression of that anciently re- 
ceived, by inserting in it a salvo for the effect of refraction, 
or by making a distinction between tlie apparent diurnal 
orbits, as affected by refraction, and the true ones cleared 
of that effect. 

(115.) Again: The first impression produced by a 
view of the diurnal movement of the heavens is, that aU 
the heavenly bodies perform this revolution in one com- 
mon period, viz. a day, or 24 hours. But no sooner do 
we come to examine the matter inatrumentally, i. e. by 
noting, by timekeepers, their successive arrivsJs on the 
meridian, than we fimd differences which cannot be ao« 
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counted for by any error of observaUon. All the atars, 
it is true, occupy the same interval of time between their 
successive appulses to the meridian, or to any vertical 
circle ; but this is a very diiSerent one from that occupied 
by the sun. It is palpably shorter : being, in fact, only 
23** 56' 4*09", instead of 24 hours, such hours as our 
common clocks mark. Here, then, we have already tivo 
different days, a aider ecU and a solar ^ and if, instead of 
the sun, we observe the moon, we find a third, much 
longer than either, — a lunar day, whose average dura- 
tion is 24** 54™ of our ordinary time, which last is solar 
time, being of necessity conformable to the sun's succes- 
sive reappearances, on which all the business of life de- 
pends. 

(116.) Now, all the stars are found to be unanimous 
in giving the same exact duration of 23*" 56' 4" '09, for 
the sidereal day ; which, therefore, we cannot hesitate to 
receive as the period in which the earth makes one revo- 
lution on its axis. We are, therefore, compelled to look 
on the sun and moon as exceptions to the general law ; 
as having a different nature, or at least a different relation 
to us, from the stars ; and as having motions, real or ap- 
parent, of their own, independent of the rotation of the 
earth on its axis. Thus a great and most important dis- 
tinction is disclosed to us. 

(117.) To establish these facts, almost no apparatus is 
required. An observer need only station himself to the 
north of some well defined vertical object, as the angle 
of a building, and placing his eyes exactly at a certain 
fixed point (such as a smaJl hole in a plate of metal nail- 
ed to some immoveable support), notice the successive 
disappearances of any star behind the building, by a 
watch.* When he observes the sun, he must shade his 
eye with a dark-coloured or smoked glass, and notice the 
moments when its western and eastern edges successively 

* This is an excellent practical method of ascertaining the rate of a 
clock or watch, being exceedingly accurate if a few precautions are at- 
tended to ; the chief of which is, to take care that that part of the edge 
behind which the star (a bright one, rwt a planet) disappears shall be 

3nite smooth ; as otherwise variable reflection may transfer the point of 
iaappearance from a protuberance to a notch, ana thus vary the moment 
of onervatioii unduly : this is easily secured, by nailing up a smooth 
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come up to the wall, from which, by taking half the in- 
terval he will ascertain (what he cannot directly observe) 
tlic moment of disappearance of it« centre. 

(118.) When, in pursuing and establishing this gene- 
ral fact, we are led to attend more nicely to the times of 
the daily arrival of the sun on the meridian, irregulari- 
ties (so they first seem) begin to be observed. The inter- 
vals between two successive arrivals are not the same at 
all times of the year. They are sometimes greater, 
sometimes less, than 24 hours, as shown by the clock; 
that is to say, the solar day is not always of the same 
length. About the 22st of December, for example, it Lb 
half a minute longer, and about the same day of Septem- 
ber nearly as much shorter, than its average duration. 
And thus a distinction is again pressed upon our notice 
between tlie actual solar day, which is never two days in 
succession alike ; and the mean solar day of 24 hoars, 
wliic'h is an average of all the solar days throughout Ae 
year. Here, then, a new source of inquiry opens upou 
us. 'J'he sun's apparent motion is not only not the same 
with thnt of the stars, but it is not (as the latter is) uni- 
form. It is subject to fluctuations, whose laws become 
matter of investigation. But to pursue these laws, we 
re(|uire nicer means of observation than what we have 
dcscrii)ed, and are obliged to call into our aid an instru- 
ment called the transit instrument, especially destined 
for such observations, and to attend minutely to all the 
causes of irrcirularity in the going of clocks and watches 
which may affect cur reckoning of time. Thus we be- 
come involved by degrees in more and more delicate in- 
strumental inquiries ; and we speedily find that, in pro- 
portion as we ascertain the amount and law of one great 
or leading fluctuation, or inequality, as it is called, of the 
sun's diurnal motion, we bring into view others continu- 
ally smaller and smaller, which were before obscured, or 
mixed up with errors of observation and instrumental im- 
perfections. In short, we may not inaptly compare the 
mean length of the solar day to the mean or average 
height of water in a harbour, or the general level of tlie 
sea unagitated by tide or waves. The great annual fluc- 
tuation above noticed may be compared to the daily varia- 
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lions of level produced by the tides, which are nothing 
but enormous waves extending over the whole ocean, 
while the smaller subordinate inequalities may be assi- 
milated to waves ordinarily so called, on which, when 
large, we perceive lesser undulations to ride, and on these 
igain, minuter ripplings, to the series of whose subordi- 
nation we can perceive no end. 

(119.) With the., causes of these irregularities in the 
solar motion we have no concern at present ; their expla- 
nation belongs to a more advanced part of our subject ; 
but the distinction between the solar and sidereal days, as 
it pervades every part of astronomy, requires to be early 
introduced, and never lost sight of. It is, as already ob- 
served, the mean or average length of the solar day, 
which is used in the civil reckoning of time. It com- 
mences at midnight, but astronomers (at least those of 
this country), even when they use mean solar time, de- 
part from the civil reckoning, commencing their day at 
noon, and reckoning the hours from round to 24. 
Thus, 1 1 o'clock in the forenoon of the second of Janu- 
ary, in the civil reckoning of time, corresponds to January 
1 day 23 hours in the astronomical reckoning ; and one 
o'clock in the afternoon of the former, to January 2 days 
1 hour of the latter reckoning. This usage has its ad- 
vantages and disadvantages, but the latter seem to pre- 
ponderate ; and it would be well if, in consequence, it 
could be broken through, and the civil reckoning substi- 
tuted. 

(120.) Both astronomers and civilians, however, who 
inhabit different points of the earth's surface, differ from 
each other in their reckoning of time ; as it is obvious 
they must, if we consider that, when it is noon at one 
place, it is midnight at a place diametrically opposite ; 
sunrise at another ; and sunset, again, at a fourth. Hence 
arises considerable inconvenience, especially as respects 
places differing very widely in situation, and which may 
even i^ iome critical cases involve the mistake of a whole 
day. To obviate this inconvenience, there has lately 
been introduced a system of reckoning time by mean so- 
lar days and parts of a day counted from a fixed instant, 
eommon to all the worlds and determined by no local cir- 
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rumstancc, such as noon or midnight, but by the motion 
of tlie sun among the stars. TimOt so reckoned > is called 
equinoctial time, and is numerically the same, at the same 
instant, in every part of the globe. Its origin will be ex- ■ 
plained more fully at a more advanced stage of our woiL 

(121.) Time is an essential element in astronomical ■ 
observation, in a twofold point of view :— — 1st, As the 
representative of angular motion. The earth's diurnal 
motion being uniform, every star describes its diurnal cir* 
cle uniformly ; and the time elapsing between the pas- 
sage of the stars in succession across the meridian of any 
observer becomes, therefore, a direct measure of their dif- 
ferences of right ascension. 2dly, As the fundamental 
element (or, independent variable, to use the language of 
geometers) in all dynamical theories. The great object of 
astronomy is the determination of the laws of the celestial 
motions, and their reference to their proximate or remote 
causes. Now, the statement of the lata of any observed 
motion in a celestial object can be no other than a propo- 
sition declaring what has been, is, and will be, the real 
or apparent situation of that object at any time past, pre- 
sent, or future. To compare such laws, therefore, with 
observation, we must possess a register of the observed 
situations of the object in question, and of the times when 
they were observed. 

(122.) The measurement of time is performed by 
clocks, chronometers, clepsydras, and hour-glasses : the 
two former are alone used in modern astronomy. The 
hour-glass is a coarse and rude contrivance for measuring, 
or rather counting out, fixed portions of time, and is en- 
tirely disused. The clepsydra, which measured time by 
the gradual emptying of a large vessel of water through a 
determinate orifice, is susceptible of considerable exact- 
ness, and was the only dependence of astronomers before 
the invention of clocks and watches At present it is 
abandoned, owing to the greater convenience and exact- 
ness of the latter instruments. In one case only has the 
revival of its use been proposed ; viz. for the accurate 
measurement of very small portions of time, by the flow- 
ing out of mercury from a small orifice in the bottom of 
a vessel, kept constantly full to a fixed height. The 
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Stream is intercepted at the moment of noting any event, 
and directed aside into a receiver, into which it continues 
to run, till the moment of noting any other event, when 
the intercepting cause is suddenly removed, the stream 
flows in its original course, and ceases to run into the 
receiver. The weight of mercury received, compared 
with the weight received in an interval of time observed 
by the clock, gives the interval between the events ob- 
served. This ingenious and simple method of resolving, 
with all possible precision, a problem which has of late 
been much agitated, is due to^Captain Kater. 

(123.) The pendulum clock, however, and the balance 
watch, with those improvements and refinements in its 
structure which constitute it emphatically a chronometer,* 
are the instruments on which the astronomer depends 
for his knowledge of the lapse of time. These instru- 
ments are now brought to such perfection, that an irregu- 
larity in the rate of going, to the extent of a single se- 
cond in twenty-four hours in two consecutive days, is not 
tolerated in one of good character ; so that any interval 
of time less than twenty-four hours may be certainly 
ascertained within a few tenths of a second, by their use. 
In proportion as intervals are longer, the risk of error, as 
well as the amount of error risked, becomes greater, be- 
cause the accidental errors of many days may accumu- 
late ; and causes producing a slow progressive change in 
the rate of going may subsist unperceived. It is not safe, 
therefore, to trust the determination of time to clocks, or 
watches, for many days in succession, without checking 
them, and ascertaining their errors by reference to natu- 
ral events which we know to happen, day after day, at 
equal intervals. But if this be done, the longest intervals 
may be fixed with the same precision as the shortest; 
since, in fact, it is then only the times intervening be- 
tween the first and last moments of such long intervals, 
and such of those periodically recurring events adopted 
for our points of reckoning, as occur within twenty-four 
hours respectively of either, that we measure by artifi- 
cial means. The whole days are counted out for us by 
nature ; the fractional parts only, at either end, are mea- 

♦ Xfo^j, time { ^•Tttii'.to measure.^ 
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sured by our clocks. To keep the reckoning of the inte- 
ger (lays correct, so that none shall be lost or counted 
twice, is the object of the calendar. Chronology marks 
out the order of succession of events, and refers them to 
their proper years and days ; while chronometry, ground- 
ing its determinations on the precise observation of sacb 
regularly periodical events as can be conveniently and 
exactly subdivided, enables us to fix the moments in 
which phenomena occur, with the last degree of preci- 
sion. 

(124.) In the cidminationj or transit (i. e. the pas- 
sage across the meridian of an observer) of every star in 
the heavens, he is furnished with such a regularly pe- 
riodical natural ^vent as we allude to. Accordingly, it is 
to the transits of the brightest and most conveniently 
situated fixed stars that astronomers resort to ascertain 
their exact time, or, which comes to the same thing, to 
determine the exact amount of error of their clocks. 

(125.) The instrument with which the culminations of 
celestial objects are observed is called a transit instru- 
ment. It consists of a telescope firmly fastened on a hori- 
zontal axis directed to the east and west points of the 
horizon, or at right angles to the plane of the meridian of 
the place of observation. The extremities of the axis 
are formed into cylindrical pivots of exactly equal diame- 
ters, which rest in notches formed in metallic supports, 
bedded (in the case of large instruments) on strong piers 
of stone, and susceptible of nice adjustment by screws, 
both in a vertical and horizontal direction. By the for 




mer adjustment, the axis can be rendered precisely hori- 
zontal, by levelling it with a level made to rest on the 
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pivots. Bjr the latter adjustment the azia is brought pre- 
cisely into the east and west direction, the criterion of 
which is furnished by the observations themselves made 
with the insbiiment, or by a well-defined object called a 
Meridian mark, origiaally determined by such observa- 
tions, and then, for convenience of ready reference, per- 
maaentty established, at a great distance, exactly in a 
meridian line passing through ihe central point of the 
whole instrument. It is evident, from this description, 
that, if the central line of the telescope (that which joins 
the centres of ils object-glass and eye-glass, and which 
is called in idstronomy its /tneo/'coZ/fmotion) be once well 
adjusted al right angles to the axis of the transit, it will 
never quit the plane of the meridian, when ihe instrument 
is turned round on its axis. 

(126.) In the focus of tlie eye-piece, and at right an- 
gles to the length of the telescope, is placed a system of 
one horizontal and five equidistant vertical threads or 
wires, as represented in the annexed figure, which always 
appear in the field of viae, when properly illuminated, 




by day by the light of the sky, by night by tliat of a lamp 
introduced by a contrivance not necessary here to explain. 
The place of this system of wires may be altered by ad- 
justing screws, giving it alateral (horizontal) motion; and 
it is by this means brought to such a position, that the 
middle one of the vertical wires shall intersect the line of 
eollimation of the telescope, where it is arrested and 
permanently fastened. In this situation it is evident 
that the middle thread will be a visible representation of 
tiiat portion of the celestial meridian to which the tele- 
scope is ftointed ; and when a star is seen to cross this 
wire in the telescope, it is in the act of colminating, or 
passing the celestial meridiaa. The inatajit of this event ie 
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noted by the clock or chronometer, which forms an ifr 
disi)ensable accompaniment of the transit instrument 
For greater precision, the moments of its crossing all the 
five vertical threads is noted, and a mean taken, which 
(since the threads are equidistant) would give exactly th« 
same result, were all the observations perfect, and wilJ, 
of course, tend to subdivide and destroy their errors in 
an average of the whole. 

(127.) For the mode of executing the adjustments, 
and allowing for the errors unavoidable in the use of this 
simple and elegant instrument, the reader must consult 
works especially devoted to this department of practical 
astronomy.* We shall here only mention one import- 
ant verification of its correctness, which consists in f^ 
versing the ends of the axis, or turning it east for west 
If this be done, and it continue to give the same results, 
and intersect the same point on the meridian mark, we 
may be sure that the line of coUimation of the telescope 
is truly at right angles to the axis, and describes strictly 
a plane, i. e. marks out in the heavens a great circle. In 
good transit observations, an error of two or three tenths 
of a second of time in the moment of a star's culmination 
is the utmost which need be apprehended, exclusive of 
the error of the clock : in other words, a clock may be 
compared with the earth's diurnal motion by a single 
observation, without risk of greater error. By multiply- 
ing observations, of course, a yet greater degree of pre- 
cision may be obtained. 

(128.) The angular intervals measured by means of 
the transit instrument and clock are arcs of the equinoc- 
tial, intercepted between circles of declination passing 
through the objects observed; and their measurement, 
in this case, is performed by no artificial graduation of 
circles, but by the help of the earth's" diurnal motion, 
which carries equal arcs of the equinoctial across the 
meridian, in equal times, at the rate of 15° per sidereal 
hour. In all other cases, when we would measure an- 
gular intervals, it is necessary to have recourse to cir- 
cles, or portions of circles, constructed of metal or other 

* See Dr. Pearson's Treatise on Practical Astronomy. Also fiianchi 
Sopra io Strumento de* Passagi. Ephem. di Milano, IG&i. 



^nn and durable material, and mechanically subdivided 
into equal parts, such as degrees, minutes, &c. Let 
lil BCD be such a circle, divided into 360 degrees (num- 




bered in order from any point 0° in the circumference, 
round to the same point ag;ain), and connected with its 
centre by spokes or rays, ayz, firmly united to its cir- 
cumference or limb. At the centre let a circular hole be 
pierced, in which shall move a pivot exactly fitting it, 
carrying a tube, whose axis, ab^ is exactly parallel to 
the plane of the circle, or perpendicular to the pivot ; and 
also the two arms m n, at right angles to it, and forming 
one piece with the tube and the axis ; so that the motion 
of the axis on the centre shall carry the tube and arms 
smoothly round the circle, to h^ arretted and fixed at any 
point we please, by a cpntrivance called a clamp. Sup- 
pose, now, we would measure the angular interval be- 
cween two fixed ol^ecjs, ST, The plane of the circle 
must fir^t be adjusted so as to pass through them both. 
This done, let the axis a 6 of the tube be directed to 
one of them, S, and clamped. Then will a mark on the 
arm m point either exactly to some one of the divisions 
on the limb, or between two of them adjacent. In the 
former case, the division must be noted, as the reading 
of the arm m. In the latter, the fractional part of one 
whole interval between the consecutive divisions by 
which the mark on m surpoises the last inferior division 
must be estimated or measured by some mechanical or 
optical means. (See art. 130.) The division and frac- 
tional part thus noted, and reduced into degrees, minutes, 
and seconds, is to be set down as the readvngoftht limb 
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corresponding to that position of the ttibe ab, when it 
points to the object S. The same must then be 6om 
the object T ; the tube pointed to it, and the iimb '* rm 
off,'^ It is manifest, dien, that, if the lesser of tboe 
readings be subtracted from the greater, their diffhrenet 
will be the angular interval between S and T, as seen 
from the centre of the circle, at whatever point of 
limb the commencement of the graduations on the p 
0° be situated. 

(129.) The very same result will be obtained, 
stead of making the tube moveable upon the cirde, we 
connect it invariably with the latter, and make both re- 
volve together on an axis concentric with the circle, ud 
forming one piece with it, working in a hollow formed 
to receive and fit it in some fixed support. Such a com- 
bination is represented in section in the annexed sketdb. 
T is the tube or sight, fastened, at/)jp, on the circle AB, 
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whose axis, D, works in the solid metallic centring E, 
from which originates an arm, F, carrying at its ex- 
tremity an index, or other proper mark, to point out and 
read off the exact division of the circle at B, the point 
close to it. It is evident that, as the telescope and circle 
revolve through any angle, the part of the limb of the 
latter, which by such revolution is carried past the index 
F, will measure the angle described. This is die most 
usual mode of applying divided circles in astronomy. 

(130.) The index F may either be a simple pointer, 
like a clock hand (Jig. a); or a vernier ^g. b) ; otf 
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lastly, a compound microscope (fig. c), represented in 
section (ui fig. d)^ and furnished with a cross in the 
eommon focus, of its object and eye-glass, moveable by 
a fine threaded screw, by which the intersection of the 
cross may be brought to exact coincidence with the 
image of ihe nearest of the divisions of the circle ; and by 
the- turns and parts of a turn of the screw required for this 
purpose the distance of that division from the original 
or zero point of the microscope may be estimated. This 
simple but delicate contrivance gives to the reading off 
of a circle a degree of accuracy only limited by the power 
of the microscope, and the perfection with which a screw 
can be executed, and places the subdivision of angles on 
the same footing of optical certainty which is introduced 
into their measurement by the use of the telescope. 

(131.) The exactness of the result thus obtained must 
depend, 1st, on the precision with which the tube a b 
can be pointed to the objects ; 2dly, on the accuracy of 
graduation of the limb ; 3dly, on the acciiracy with 
which the subdivision of the intervals between any two 
consecutive graduations can be accomplished. The 
mode of accomplishing the latter object with any re- 
quired exactness has been explained in the last article. 
With regard to the graduation of the limb, being merely 
of a mechanical nature, we shall pass it without remark, 
further than this, that, in the present state of instrument 
making, the amount of error from this source of inaccu- 
racy is reduced within very narrow limits indeed.' With 
regard to the first, it must be obvious that, if the sights 
a 6 be nothing more than what they are represented in 
the figure (art. 128), simple crosses or pin-holes at the 
ends of a hollow tube, or an eye-hole at one end, and a 
erosB at the other, no greater nicety in pointing can be 
expected than what simple vision with the naked eye 
can command. But if, in place of these simple but 
coarse contrivances, the tube itself be converted into a 
telescope, having an object-glass at b, and an eye-piece 
at a ; and if the motion of the tube on the limb of the 
circle be arrested when the object is brought just into 
die centre of the field of view, it is evident that a greater 
degree of exactness may be attained in the pointing of 
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the tube than by the unassisted eye, in proportion to 
niniriiifyin;^ power and distinctness of the t^escope' i. 
Tile last attiiinabie degree of exactness is secoiea uf 
»in'U*\\\ns; in the common focus of the object and ey^ 
f(hi»scs two delicate fibres, such as fine hairs or spide^ 
liiiefl, intersecting each other at right angles in the centre 
uf tlie field of view. Their points of intersection affoid 
a permanent mark with which the image of the object 
can be brought to exact coincidence hy a proper degree 
of oaution (aided by mechanical eontrirances), in bringing 
the telescope to its final situation on the limb of the eirde, 
and retaining it there till the "reading off" is finished. 
(132.) This application of the telescope may be con- 
sidenMl as com])letely annihilating that part of the emr 
of ot>servation which might otherwise arise from efTon^ 
ous estimation of the direction in which an object lies 
from the observer's eye, or from the centre of the Ia- 
strument. It is, in fact, the grand source of all the pre- 
cision of modern astronomy, without which all other re- 
finements in instrumental workmanship wonid be thrown 
away ; the errors capable of being committed in point- 
ing to an object, without such assistance^ being far greater 
than what could arise from any but the rery coarsest 
graduation.* In fact, the telescope thus applied becomes, 

* Tho honour of tliia cafNtol improveniMit hafl been ■o cc e —fi iDy vin- 
dicated by Derliam (Phil. Trans, xxx. 603) to our young, telimtBd, and 
unfortunate countryman Gascoigne, from his corraipondencc with Cimb- 
tree an<I llorrockes, in his (Derham's) possessioB. The fmn&get cifvtf 

Sf Derham from theHe letters leare no doobt Ifaat, m> eftriy m 1640L 
aocoigiio had applied telescopes to his quadrants and teztaBls, will 
threads in the common focus of the glasses ; and bad eyen carried the iiw 
Tention so far as to illuminate the neld of view b^ aitificMd lif^t, whidi 
he found ** very helpful when the moon appear^ not^or Uia not atiummm 
Ught enough.** Tliese inventions were freely communicated by lubn to 
drabtreo, and through him to his firiend Ilorrockes, the pride aad bottM 
of British astronomy ; both of whom expressed their unbounded admin- 
tion of this and mai)y other of his delicate and admirable imjNnovMMiila 
in tho art of o}jscr\-ation. Gascoigne, however, perished at the age of 
twenty-three ut the batllo of Marston Moor ; and the prematura and 
sudden death of IIorrockc«t, at a yet eariier age^ will accoant for tha 
lem|x>rarv oblivion of the invention. It was revived, or re-invented, io 
1667, by l*icard and Auzout (lalande, Astron. 2310), after which its use 
became iniivenal. Morin, even earlier than Gascoigne fin 1635), had 
pit>p()8e<l to subcstituto the telotic(>pe for plain sighta ; but it is the thread 
or wire strotohed in the focus with which the image oT a star can be 
bronf^lit to oxa(;t loiiicidence, which gives the telescope its advantage io 
)>racli<'o ; an'i the idea of this does not seem to have occurred to SfociB 
'See Lalande, uU S'ljira.) 
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with respect to angular, what the microscope is with 
respect to linear dimension. By concentrating attention 
on its smallest points, and magnifying into palpable in- 
tervals the minutest differences, it enables us not only to 
•cnitinize the form and structure of the objects to which 
it is pointed, but to refer their apparent places, with all 
but geometrical precision, to the parts of any scale with 
which we propose to compare them. 
• (133.) The simplest mode in which the measurement 
•f an angular interval can be executed, is what we have 
just described ; but, in strictness, this mode is applicable 
only to terrestrial angles, such as those occupied on the 
•ensible horizon by the objects which surround our sta- 
tion, — ^because these only remain stationary during the 
interval while the telescope is shifted on the limb from 
one object to the other. But the diurnal motion of the 
heavens, by destroying this essential condition, renders 
the direct measurement of angular distance from object 
to objeci by this means impossible. The same objection, 
however, does not apply if we seek only to determine 
the interval between the diurnal circles described by any 
two celestial objects. Suppose every star, in its diurnal 
revolution, were to leave behind it a visible trace in the 
heavens,^-a fine line of light, for instance, — then a teles- 
cope once pointed to a star, so as to have its image 
brought to coincidence with the intersection of the wires, 
would constantly remain pointed to some portion or other 
of this line, which would therefore continue to appear 
in its field as a luminous line, permanently intersecting 
the same point, till the star came round again. From 
one such line to. another the telescope might be shifted, 
at leisure, without error ; and then the angular interval 
between the two diurnal circles, in the plane of the tele- 
Bcope's rotation^ might be measured. Now, though we 
cannot see the path of a star in the heavens, we can wait 
till the star itself crosses the field of view, and seize the 
moment of its passage to place the intersection of its 
wires so that the star shall traverse it ; by which, when 
the telescope is well clamped, we equally well secure the 
position of its diurnal circle as if we continued to see it 
ever so long. The reading off of the limb may then bo 
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performed at leisure ; and when another star coma 
round into the plane of the circle, we may nndamp the 
telescope, and a similar observation will enable us to ai- 
sign the place of its diurnal circle on the limb : and the 
observations may be repeated altematel)^, every day, u 
the stars pass, till we are satisfied with their result. 

(134.) This is the principle of the mural circle, whieh 
is nothing more than such a circle as we have described ) 
in art. 129, firmly supported, in the plane of the meri- , 
dian, on a long and powerful horizon^ axis. This axil | 
is let into a massive pier, or wall, of stone (whence die 
name of the instrument), and so secured by screws as to 
be capable of adjustment both in a vertical and horizon- 
tal direction ; so that, like the axis of the transit, it can 
be maintained in the exact direction of the east and west 
points of the horizon, the plane of the circle being con- 
sequently truly meridional. 

(135.) The meridian, being at right angles to all the 
diurnal cindcs described by the stars, its arc intercepted 
between any two of them will measure the least distance 
between these circles, and will be equal to the difference 
of the declinations, as also to the difference o£ the mm- 
dian altitudes of the objects — at least when corrected 
for refraction. These differences, then, are the angular 
intervals directly measured by the mural circle. Bat 
from these, supposing the law of refraction known, it it 
easy to conclude, not their differences only, but the 
quantities themselves, as we shall now explain. 

(136.) The declination of a heavenly body is the com- 
plement of its distance from the pole. The pole, being 
a point in the meridian, might be directly observed on the 
limb of the circle, if any star stood exactly therein ; and 
thence the polar distances, and of course, the decliiu^ 
tions of all the rest, might be at once determined. But 
this not being the case, a bright star as near the pole as 
can be found is selected, and observed in its upper and 
lower culminations ; that is, when it passes the meridian 
above and heloio the pole. Now, as its distance from 
the pole remains the same, the difference of reading off 
the circle in the two cases is, of course (when corrected 
for refraction), equal to twice the polar distance of the 
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r; the arc intercepted on the limb of the circle bein^, 
in this case, equal to the angular diameter of the star 9 
diurnal circle. In the annexed diagram, HPQ represents 
the celestial meridian, P the pole, BR, AQ, CD, the di- 
ilrnal circles of stars which arrive on the meridian — at 
BA and C in their upper, and at RQD in their lower culr 




minations, of which D happens above the horizon HO, 
P is the pole ; and if we suppose hp o to be the mural 
circle, having S for its centre, b acp d will be the points 
on its circumference corresponding to BACPD in the 
heavens. Now, the arcs 6 a, 6 c, 6 cf, and c d are given 
immediately by observation ; and since CP=PD, we 
have also cp=sp d, and each of them =icd, consequently 
the place oi the polar pointy as it is called, upon the limb 
of the circle becomes known, and the arcs pb,pa,pc, 
which represent on the circle the polar distances re- 
quired become also known. 

(137.) The situation of the pole star, which is a very 
brilliant one, is eminently favourable for this purpose, 
being only about a degree and a half from the pole ; it 
is, therefore, the star usually and almost solely chosen 
for this important purpose ; the more especially because, 
both its culminations taking place at great and not very 
different altitudes, the refractions by which they are 
affected are of small amount, and differ but slightly from 
each other, so that their correction is easily and safely 
applied. The brightness of the pole star, too, allows 
it to be easily observed in the daytime. In consequenoe 
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of these peculiarities, this star is one of constant resort 
with astronomers for the adjustment and verification of 
instruments of almost every description. In the case of 
the transit, for example, it furnishes a ready means of 
ascertaining whether the plane of the telescope's motion 
Ls coincident with the meridian. For since tliis latter 
plane bisects its diurnal circle, the eastern and western 
portion of it require equal times for their description. ^ 
liCt, therefore, the moments of its transit above and be- 
low the pole be noted ; and if they are found to follow 
at equal intervals of 12 sidereal hours, we may conclude 
with certainty tliat the plane of the telescope's motion is 
meridional, or the position of its horizontal axis exactly 
east and west. But if it pass from one to the other ap- 
parent culmination in unequal intervals of time, it ii 
equally certain that an extra-meridional error must exist, 
the deviation lying towards that side on which the least 
inter\'al is occupied. And the axis must be moved in 
azimuth accordingly, till the difTiTcnce in question di8 
appears on repeating the observations. 

(138.) The place of the polar point on the limb of 
the mural circle once determined, becomes an origin, or 
zero point, from which the polar distances of all objects, 
referred to other points on the same lines, reckon. It 
matters not whether the actual commencement 0** of the 
graduations stand there, or not ; since it is only by 
the difference of the readings that the arcs on the 
limb are determined ; and hence a great advantage is 
obtained in the power of commencing anew a fresh series 
of observations, in which a different part of the circum- 
ference of the circle shall be employed, and different 
graduations brought into use, by whidi inequalities of 
division may be detected and neutralized. This is ac- 
complished practically by detaching the telescope from 
its old bearings on the circle, and fixing it afresh on ft 
different part of the circumference. 

(139.) A point on the limb of the mural circle, not 
less important than the polar pointy is the horizontal 
pointy which, being once known, becomes in like man- 
ner an origin, or zero point, from which altitudes are 
reckoned. The principle of its determination is nlti- 
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mately nearly the same with that of the polar point. 
As no star exists in the celestial horizon, tlie observer 
must seek to determine two points on the limb, the one 
of which shall be precisely as far below the horizontal 
point as the other is above it. For this purpose, a star 
18 observed at its culmination on one night, by pointing 
Uie telescope directly to it, and the next, by pointing to 
the image of the same star reflected in the still, unruffled 
qiirface of a fluid at perfect rest. Mercury, as the most 
reflective fluid known, is generally chosen for that use 
As the surface of a fluid at rest is necessarily horizontal, 
and as the angle of reflection, by the laws of optics, is 
equal to that of incidence, tliis image will be just as 
much depressed below the horizon, as the star itself is 
elevated above it (allowing for the diflference of refrac- 
tion at the moments of observation). The arc inter- 
cepted on the limb of the circle between the star and its 
reflective image thus c5nsecutively observed, when cor- 
rected for refraction, is the double altitude of the star, 
and its point of bisection the horizontal point. The re- 
flecting surface of a fluid so used for the determination 
of the altitudes of objects is called an artificial horizon. 

(140.) The mural circle is, in fact, at the same time, a 
transit instnnnent ; and, if furnished with a proper sys- 
tem of vertical wires in the focus of its telescope, may 
be used as such. As tlie axis, however, is only support- 
ed at one end, it has not the strength and permanence ne- 
cessary for the more delicate purposes of a transit ; nor 
can it be verified, as a transit may, by the reversal of the 
two ends of its axis, east for west. Nothing, however, 
prevents a divided circle being pennanently fastened on 
the axis of a transit instrument, near to one of its extre- 
mities, so as to revolve with it, the reading off* being per- 
formed by a microscope fixed on one of its piers. Such 
an instrument is called a transit circle, or a meridian 
CIRCLE, and serves for the simultaneous determination of 
the right ascensions and polar distances of objects ob- 
served with it ; the time of transit bein^notte^ *»*'»« clocl 
and the circle being read off by the 1 

(141.) The determination of 
the limb of an i iim * b 
in astronomy, toat 
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ed with every means employed for this purpose. Thoe 
are the nrtificial horizon, the plumb-line, the level, and the 
floating collimator. The artificial horizon has been al- 
ready explained. The plumb-line is a fine thread or wire, 
to which is suspended a weight, whose oscillations aie 
impeded and quickly reduced to rest by plunging it in | 
water. The direction ultimately assumed by such a 1 
admitting its perfect flexibility^ is that of gravity, or pep 
pendicular to the surface of still water. Its applicatioD ^ 
to the purposes of astronomy is, however, so delicate, bid 
difficult, and liable to error, unless extraordinary pr^;aQ- i 
tions are taken in its use, that it is at present almost Aoi- 
versally abandoned, for the more convenient and equiily ■ 
exact instrument the level, 

(142.) The level is nothing more than a glass tube | 
nearly filled with a liquid (spirit of wine being that now 
generally used, on account of its extreme mobility^ and 
not being liable to freeze), the bubble in which, when the ' 




tube is placed horizontally, would rest indifferently in any 
part if the tube could be mathematically straight. But 
that being impossible to execute, and every tube having 
some slight curvature, if the convex side be placed up- 
wards, the bubble will occupy the higher part, as in the 
figure (where the curvature is purposely exaggerated). 
Suppose such a tube as AB firmly fastened on a straight 
bar, CD, and marked at a b, two points distant by the 
length of the bubble ; then, if the instrument be so placed 
that the bubble shall occupy this interval, it is clear that 
CD can have no other than one definite inclination to the 
horizon ; because, were it ever so little moved one way 
or other, the bubble would shift its plat^e, and run towards 
the elevated side. Suppose, now, that we woujd ascer- 
tain whether any given line PQ be horizontal ; let the 
base of tlie level CD be set upon it, and note the points 
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a 6, between which the babble is exactly contained ; then 
turn the level end for end, so that C shall rest on Q, and 
D on P. If then the bubble continue to occupy the same 
place between a and 6, it is evident that PQ can be no 
otherwise than horizontal. If not, the side towards which 
the bubble runs is highest, and must be lowered. Astro- 
nomical levels are furnished with a divided scale, by 
which the places of the ends of the bubble can be nicely 
marked ; and it is said that they can be executed with 
such delicacy, as to indicate a single second of angular 
deviation from exact horizontality. 

(143.) The mode in which a level may be applied to 
find the horizontal point on the limb of a vertical divided 
circle may be thus explained : Let AB be a telescope 
firmly fixed to such a circle, DEF, and moveable in one 




with it on a horizontal axis C, which must be like that of 
a transit, susceptible of reversal (see art. 127), and with 
which the circle is inseparably connected. Direct the 
telescope on some distant well-defined object S, and bi- 
sect it by its horizontal wire, and in this position clamp 
it fast. Let L be a level fastened at right angles to an 
arm, LEF, furnished with a microscope, or vernier at F, 
and, if we please, another at E. Let this arm be fittod by 
grinding on the axis C, but capable of moving smoothly 
on it without carrying it round, and also of being clamped 
fast on it, so as to prevent it from moving until required. 
While the tele»^>pe is kept fixed on the object S, let the 
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l(>v<>l 1)C 8Pt HO as to bring its bubble to the marks a6,ani! 
cliimp it tliere. Thon will the arm LCJF have some cer 
tain deU^rniinate inclination (no matter what) to the hori- 
zun. In this position let the circle be read o^ at F, ani? 
tlu'n let the whole apparatus be reversed by turning itt 
horizon Uil axis end for end, without unclamping the lerti 
arm from the axis. This done, by the motion of the 
whole instrument (level and all) on its axis, restore tk 
hvel to its horizontal position with the bubble Biab. 
Then wo are sure that the telescope has now the same 
inclination to tlic horizon the other way, that it had when 
poinU?d to S, and the reading off at F will not have been 
cliangcd. Now, unclamp the level, and, keeping it nearlv 
horizontil, turn round the circle on thp axis, so as to car- 
ry l)ack the telescope through the zejiith to S, and in 
that position clamp the circle and telescope fast. Then it 
is evident that an angle equal to twice the zenith distance | 
of S has been moved over by thejixis of the telescope 
from its last position. Lastly, without unclamping the 
telescope and circle, h^t the level be once more rectified. 
Tlieii will the arm LEF once more assume the same de- 
finite position with respect to the horizon ; and, conse- 
quently, if the circle be again read off, the difference be- 
tween this and the previous reading must measure the 
arc of its circumference which has passed under the 
point F, which may be considered as having all the 
while retained an invariable position. This difference, 
then, will be the double zenith distance of S, and its half 
the zenith distance simply, the complement of which n 
its altitude. Thus the altitude corresponding to a given 
reading of the limb becomes known, or, in other words, 
the horizontal point on the limb is ascertained. Circuit- 
ous as this process may appear, there is no other mode 
of employing the level for this purpose which does not 
in the end come to the same thing. Most commonly, 
however, the level is used as a mere fichicial reference, 
to preserve a horizonUd point once well determined by 
other means, which is done by adjusting it so as to stand 
level when the telescope is truly horizontal, and thus 
leaving it depending on the permanence of its adjustment. 
(144.) The last, but probably not the least exact, as it 
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certainly is, in innumerable cases, the most convenient 
loeans of ascertaining the horizontal pointy is that af-r 
forded by the floating collimator, a recent inv^tion of 
Captain Kater. This elegant instrument is nothing more 
than a small telescope Airnished with a cro6s*wire in its 
focus, and fastened horizontally, or as nearly so as may 
1», on a flat iron floaty which is made to swim on mer- 
cury, and which, of course, will, when left to itself, as- 
sume always one and the same invariable inclination to 
the horizon. If the cross-wires of the collimator be illu- 




minated by a lamp, being in the focus of its object-glasis, 
the rays from them will issue parallel, and will therefore 
be in a fit state to be brought to a focus by the object- 
glass of any other telescope, in which they will form an 
image as if they came from a celestial object in their di- 
rectiorij i. e. at an altitude equal to their inclination. 
Thus the intersection of the cross of the collimator may 
be observed as if it were a star, and that, however near 
the two telescopes are to each other. By transferring then, 
the collimator still floating on a vessel of mercury from 
the one side to the other of a circle, we are furnished with 
two quasircelestial objects, at precisely equal altitudes, 
on opposite sides of the centre ; and if these be observed 
in succession with the telescope of the circle, bringing its 
cross to bisect the image of the cross of the collimator (fer 
which end the wires of the the latter cross 
are purposely set 45" inclined to the hori- 
zon) the difference of the readings on its limb 
"will be twice the zenith distance of either ; 
whence, as in the last article, the horizontal 
or zenith point is immediately determined.*' 

* AnQther, and, in many respects, jpreftirable ibnn of the jSoatiog coUJU 
mator, in which the telescope is vertical, and whereby the ^nilh point is 
iirecilj ascemwMd. is detcnbed in the Plul. Tmns. 18S8, p. 257 W di» 
■•me aatfaor. _ 
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(145.) The transit and mural circle are essentially me- 
ridian instniments, being used only to observe the stan 
at the moment of their meridian passage. Independent 
of this being the most favourable moment for seeing them, 
it is that in which their diurnal motion is parallel to the 
horizon. It is therefore easier at this time than it could 
be at any other, to place the telescope exactly in their 
true direction ; since their apparent course in the field of 
view being parallel to the horizontal thread of the system 
of wires therein, they may, by giving a fine motion to 
the telescope, be brought to exact coincidence with it, 
and time may be allowed to examine and correct this co- 
incidence, if not at first accurately hit, which is the cas« 
in no other situation. Generally speaking, all angular 
magnitudes, which it is of importance to ascertain ex- 
actly, should, if possible, be observed at their maxima or 
minima of increase or diminution; because at these 
points they remain not perceptibly changed during a time 
long enough to complete, and even, in many cases, to re- 
peat and verify our observations in a careful and leisurely 
manner. The angle which, in the case before us, is in 
this predicament, is the altitude of the star, which attains 
its maximum or minimum on the meridian, and which is 
measured on the limb of the mural circle. 

(146.) The purposes of astronomy, however, require 
that an observer should possess the means of observing 
any object not directly on the meridian, but at any point 
of its diurnal course, or wherever it may present itself 
in the heavens. Now, a point in the sphere is determined 
by reference to two great circles at right angles to each 
other ; or of two circles one of which passes through the 
pole of the other. These, in the language of geometry, 
are co-ordinates by which its situation is ascertained : 
for instance, — on the earth, a place is known if we know 
its longitude and latitude ; — in the starry heavens, if we 
know its right ascension and declination ; — in the visible 
hemisphere, if we know its azimuth and altitude, &c. 

(147.) To observe an object at any point of its diurnal 
course, we must possess the means of directing a tele- 
scope to it; which, therefore, must be capable of motion 
in two planes at right angles to each other ; and the 
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amount of its angular motion in each must be measured 
on two circles co ordinate to each other, whose planes 
itiust be parallel to those in which the telescope moves. 
The practical accomplishment of this condition is effect- 
jBd by making the ajjis of one of the circles penetrate that 
of the other at right angles. The pierced axis turns on 
fixed supports, while the other has no connexion with 
iBny external support, but is sustained entirely by that 
which it penetrates, which is strengthened and enlarged 
at the point of penetration to receive it. The annexed 
figure exhibits the simplest form of such a combination, 
though by no means the best in point of mechanism. 
The two circles are read off by verniers, or microscopes ; 
the one attached to the fixed support which carries the 
principal axis, the other to an arm projecting from that 
axis. Both circles also are susceptible of being clamped, 
the clamps being attached to the same ultimate bearing 
with which the apparatus for reading off is connected. , 
(148.) It is manifest that such a combination, however 
its principal axis be pointed (provided that its direction 
be invariable), will enable us to ascertain the situation of 

any object with respect to 
the observer's station, by 
angles reckoned upon two 
great circles in the visible 
hemisphere, one of which 
has for its poles the pro- 
longations of the principal 
axis or the vanishing points 
of a system of lines parallel 
to it, and the other passes 
always through these poles ; 
for the former great circle 
is the vanishing line of all 
planes parallel to the circle 
AB, while the latter, in any 
position of the instrument, 
is the vanishing line of all 
the planes parallel to the 
circle GH ; and these two planes being, by the. construc- 
tion of the instnuneiit, at right aiiglea, the great circles, 
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which are their vanishing tines, must be so too. Now, 
if two great circles of a sphere be at rig-ht angles to each 
otiier, the one will always pass through the other'i 
poles. 

(149.) There are, however, bat two positions in whiA 
such an ap])nratus can be mounted so as to be of anj 
practical utility in astronomy. The first is, when tb« 
principal axis CD is parallel to the earth's axis, and 
therefore points to the poles of the heavens which are the 
vanishing points of all lines in his system of parallels: 
and when, of course, the plane of the circle AB is panl- 
lei to the earth's equator, and therefore, has the equi- 
noctial for its vanishing circle, and measures, by its aitf 
read off, hour angles, or differences of right ascension. 
In this case, the great circles in the heavens, correspond- 
ing to the various positions, which the circle GH can be 
made to assume, by the rotation of the instrument round 
its axis CI), are all hour-circles: and the arcs read eff 
on this circle will be declinations, or polar distances, or 
their di (Terences. 

(150.) In this position the apparatus assumes the name 
of an eqiiatoriafy or, as it was formerly called, a parallactic 
instrument. It is one of the most convenient instruments 
for all such observations as require an object to be kept 
long in view, because, being once set upon the object, 
it can be followed as long as we please by a single motion^ 
i. e. by merely turning the whole apparatus round on its 
polar axis. For since, when the telescope is set on a 
star, the angle between its direction and that of the polar 
axis is equal to the polar distance of the star, it follows, 
that when turned about its axis, without altering the posi- 
tion of the telescope on the circle GH, the point to which 
it is directed will always lie in the small circle of the 
heavens coincident with the star's diurnal path. In many 
observations this is an inestimable advantage, and one 
which belongs to no other instrument The equatorial 
is also used for determining the place of an unknown by 
comparison wit];i that of a known object, in a manner to 
be described in the fourth chapter. The adjustments of 
the equatorial are somewhat complicated and difficult. 
They are best performed by following the pole-star round 
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die entire diurnal circle, and ^ observing, at proper in- 
tefvalsi, other considerable bIstb whose places are well 
ascertained.* 

(151.) The other position in which such a compound 
apparatus as we have described in art. 147 may be advan- 
tageously mounted, is that in which the principal axis 
occupies a vertical position, and the one circle, AB, con- 
sequently corresponds to the celestial horizon, and the 
Other, GA, to a vertical circle of the heavens. The an- 
gles measured on the former are therefore azimuths, or 
differences of azimuth, and those on the latter zenith dis- 
tances, or altitudes, according as the graduation com- 
mences from the upper point of its limb, or from one 90° 
distant from it. It is therefore known by the name of 
an azimuth and altitude instrument. The vertical posi- 
tion of its principal axis is secured either by a plumb- 
line suspended from the upper end, which, however it 
be turned round, should continue always to intersect one 
and the same fiducial mark near its lower extremity, or 
by a level fixed directly across it, whose bubble ought 
not to shift its place, on moving the instalment in azi- 
muth. The north or south point on the horizontal cir- 
cle IS ascertained by bringing the vertical circle to coin- 
cide with the plane of the meridian, by the same criterion 
by which the azimuthal adjustment of the transit is per- 
formed (art. 137), and noting, in this position, the read- 
ing off of the lower circle, or by the following process. 

(162.) Let a bright star be observed at a considerable 

distance to the east of the meridian, by bringing it on 

the cross wires of the telescope. In this position let the 

horizontal circle be read off, and the telescope securely 

clamped on the vertical one. When the star has passed 

the meridian, and is in the descending point of its daily 

course, let it be followed by moving the whole instrument 

round to the west, without, however, unclamping the 

telescope, until it comes into the field of view ; and, until, 

by continuing the horizontal motion, the star, and the 

cross of the wires come once more to coincide. In this 

position it is evident the star must have the same precise 

• See Littrowonthe Adjustment of the £quatoriaL— ifim. Aatrcn, Soa 
voLii. p. 45 

K2 
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altitude about the western horizon, that it had at the 
mcnt of ihe first observatiOTi above the eastern. At ' 
point l(*t tho motion he arrested, and the horizontal circie - 
be ii<riiin rciul off. The difference of the readings wUlbe 
tlu» aziimitlial arc described in the interval. Now, itii 
evident that when the altitudes of any star are equal on 
citlier side of the meridian, its caimutha^ whether recboD* i 
ed both from the north or both from the south point of the I 
liorizon, must also be equal,— consequently the north or * 
south point of the horizon must bisect the azimuthal arc 
thus d(»torniined, and will therefore become known. 

(153.) This method of determining the north and 
south points of a horizontal circle (by which, whea 
known, we may draw a meridian line) is called the 
•♦ method of equal altitudes," and is of great and constant 
U8(; in practical astronomy. If we note, at the momenta 
of the two observations, the time, by a clock or chrono- 
motor, the instant halfway between them will be the 
moment of the star's meridian passage, which may thus 
be determined without a transit; and, vice versa, the 
error of a clock or chronometer may by this process be 
discovered. For this last purpose, it is not necessary 
that our instrument should be provided with a horizontd 
circle at all. Any means by which altitudes can he mea- 
sured will enable us to determine the moments when the 
same star arrives at eqtial altitudes in the eastern and 
western halves of its diurnal course ; and, these once 
known, the instant of meridian passage and the error of 
the clock become also known 

(154.) One of the chief purposes to which the altitude 
and azimuth circle is applicable is the investigation of 
the amount and laws of refraction. For, by following 
with it a circumpolar star which passes the zenith, and 
another which grazes the horizon, through their whole 
diurnal course, the exact apparent form of their diurnal 
orbits, or the ovals into which their circles are distorted 
by refraction, can be traced ; and .their deviation fix>iii 
circles, being at every moment given by the nature of 
the observation in the direction in Ufhich the refraction 
itself takes place (i. e. in altitude), is made a matter of 
direct observation. 
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(156.) The zenith sector aad the theodoHte are pecu- 
liar modiiications of the altitude and azimuth instrument. 
The former is adapted for the very exact observation of 
stars in or near the zenith, by giving a great length to 
the vertical axis, and suppressing all the circumference of 
the vertical circle, except a few degrees of its lower 
part, by which a great length of radius, and a consequent 
proportional enlargement of the divisions of its arc, is 
obtained. The latter is especially devoted to the mea- 
sure of horizontal angles between terrestrial objects, in 
which the telescope never requires to be elevated more 
than a few degrees, and in which, therefore, the vertical 
circle is either dispensed with, or executed on a smaller 
scale, and with less delicacy ; while, on the other hand, 
great care is bestowed on securing the exact perpendicu- 
larity of the plane of the telescope's motion, by resting 
its horizontal axis on two supports like the piers of a 
transit-instrument, while themselves are firmly bedded on 
the spokes of the horizontal circle, and turn with it. 

(156.) The last instrument we shall describe is one 
by whose aid the direct angular distance of any two ob- 
jects may be measured, or the altitude of a single one 
determined, either by measuring its distance from the 
visible horizon (such as the sea-ofiing, allowing for its 
dip), or from its own reflection on the surface of mercury. 
)t is the sextant, or quadrant, eommpnly called Hadley^s,. 
from its reputed inventor, though the priority of invention 
belongs undoubtedly to Newton, whose claims to the 
gratitude of the navigator are thus doubled, by his having; 
iirnished at once the only theory by which his vessel 
can be securely guided, and the only instrument which 
has ever been found to ayail, in applying that theory ta 
ks nautical uses.* 

(157.) The principle of this instrument is the optical- 
property of reflected rays, thus announced : — " The 

* Newtoa communicated it to Dr. Halley, who suppressed it. Hia 
description of the instrument was found, afler ^ death of Halley, 
among his papers, in Newton's own handwriting, by his executor, who 
eamraunicated the papers to the ifoyal Society, twentv-five yeans after. 
Newionli death, and eleven aAee the publication of Hadley's invention, 
which might be, and probably, was, independent of any knowledge of 
ffewtonX thbqgh Ebittwi intiniMitMi tJK ooptnuy... 
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angle between the first and last directions of a ray whidi 
has sufTercd two reflections in one plane is equal to twin 




the inclination of the reflecting surfaces to each other/' 
Let AB be the limb, or graduated arc, of a portion of t 
circle 60° in extent, but divided into 120 equal parts. 
On the radius CB let a silvered plane glass D be fixed, 
at right angles to the plane of the circle, and on the 
moveable radius CE let another such silvered glass, C, 
be fixed. The glass D is permanently fixed parallel to 
AC, and only one half of it is silvered, the otlier half 
allowing objects to be seen through it. The glass C i» 
wholly silvered, and its plane is parallel to the length 
of the moveable radius CE, at the extremity E, of which 
a vernier is placed to read off the divisions of the limb. 
On the radius AC is set a telescope F, through which 
any object, Q, may be seen by direct rays which pass 
through the unsilvcred portion of the glass D, whils 
another object, P, is seen through the same telescope 
by rays, which, after reflection at C, have been thrown 
upon the silvered part of D, and are thence directed by 
a second reflection into the telescope. The two images 
so formed will both be seen in the field of view at once, 
and by moving the radius CE will (if the reflectors be 
truly perpendicular to the plane of the circle) meet and 
pass over, without obliterating each other. The motion, 
however, is arrested when they meet, and at this point 
the angle included between the direction CP of one 
object, and FQ of the other, is twice the angle ECB in- 
cluded between the fixed and moveable radii CB, CE. 
Now the graduations of the limb being purposely mads 
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only half m tlistiant as would correspond to de^ees, the 
arc BE, when read of!', as if the gradaation* were whole 
degrees, will, in fact, read double its real amount, and 
therefore tlie numbers to read off will express not the 
angle ECB, but its double, the angle subtended by the 
objects. 

(158.) To determine the exact distances between the 
stars by direct observation is comparatively of little ser- 
vice ; but in nautical astronomy the measurement of 
their distances from the moon, and of their altitudes, is 
of essential importance ; and as the sextant requires no 
fixed support, but can be held in the hand, and used on 
' ship-board, the utility of the instrument becomes at once 
obvious. For altitudes at sea, as no level, plumb-line, 
or artificial horizon can be used, the sea-offing affords 
the only resource ; and the image of the star observed, 
seen by reflection, is broach t to coincide with the honrh 
dary of the sea seen by direct rays. Thus the altitude 
above the sea-line is found ; and this corrected for the 
dip of the horizon (art. 24) gives the true altitude of the 
star. On land, an artificial horizon may be used (art. 139), 
and the consideration of dip is rendered unnecessary. 

(159.) The reflecting circle is an instrument destined 
for the same uses as the sextant, but more complete, the 
circle being entire, and the divisions carried all round* 
It is usually furnished with three verniers, so as to admit 
of three distinct readings off, by the average of which 
the error of graduation and of reading is reduced. This 
is altogether a very refined and elegant .instrument. 

(160.) We must not conclude this chapter without 
mention of the ** principle of repetition T' an invention 
of Borda, by which the error of graduation may be di- 
minished to any degree, and, practically speaking, anni- 
hilated. Let PQ be two objects which we may suppose 
fixed, for purposes of mere explanation, and let KL be a 
telescope moveable on O, the common axis of two cir- 
cles, AML and ab c, of which the former, AML, is ab- 
solutely fixed in the plane of the objects, and carries the 
graduations, and the latter is freely moveable on the axis 
The telescope is attached permanently to the latter circle, 
and moves with it. An arm OoA carries the iudex» or 
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Ternier, which reails nff the graduated limb of the finJ 
circle. ThU arm is provided with two cluinps, by whii 
it can be temporarily connected with either circle, 




detached at pleasure. Suppose, now, the telescope &■ 
reeled to P. Clamp the index arm OA to the imur 
circle, and unclamp it from the outer, and read off. Then 
carry the telescope round to the other object Q. In « 
doing, the inner circle, and the index-arm which ii 
clamped to it, will also be carried round, over an are AB, 
on the graduated limb of the outer, equal to the aii|fa 
POQ. Now clamp the index to the outer circle, and 
unclamp the inner, and read off: the difference of reading 
will of course measure the angle POQ ; but the reaoll 
will be liable lo two sources of error — that of graduatioR 
and that of observation, both which it is our object to 
get rid of To this end transfer the telescope back to P, 
without unclamping the arm from the outer circle ; thm, 
having made the bisection of P, clamp the arm ^to A, and 
unclamp it from B, and ag^iin transfer the telescope lo Q)^ 
by which the arm will now be carried with it to C, over 
a second arc, BC, equal to the angle POQ. Now aniu 
read off i then will the difTerence between this reading 
and the original one measure twice the angle POQt 
affected with both errors of observation, but only wiUl 
the same error of graduation as before. Let this pnv 
cess be repeated as often as we please (suppose, ten 
umes) ; then will the final arc ABCD read off on the 
circle be ten times the required angle, affected by the 
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joint errors of all the ten observations, bnt only by the 
same constant error of graduation, which depends on the 
initial and final readings off alone. Now tnc errors of 
observation, when numerous, tend to balance and destroy 
one another ; so- that, if sufficiently multiplied, their in- 
fluence will disappear from the result. There remains, 
th^n, only the constant error of graduation, which comes 
to be divided in the final result by the number of obser- 
vations, and is therefore diminished in its influence to 
one tenth of its possible amount, or to less if need be. 
The abstract beauty and advantage of this principle seem 
to be counterbalanced in practice by some unknown 
cause, which, probably, must be sought for in imperfect 
clamping. 
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CHAPTER III. 

OF OEOGRAPHT. 

or the Figure of the Earth — ^Its exact Dimensions — ^Its Form that of Equi- 
librium modified by centrifn|^1 Force — Variation of Gravity on its 
Surface— Statical and Dynamical Measures of Gravity — The Pendu> 
lum — Gravity to a S]^heroid — Other Efiects of Earth's Rotation — ^Tiade 
Winds — Determination of geo|[raphical Positions — Of Latitudes— Of 
Longitudes— Conduct of a trigonometrical Survey— Of Maps — Pro* 
jections of the Sj^ere — ^Measurement of Heights by the Barometer. 

(161.) Geoorapht is not only the most important of 
the practical branches of knowledge to which astronomy 
is applied, but is also, theoretically speaking, an essen- 
tial part of the latter science. The earth being the ge- 
neral station from which we view the heavens, a know- 
ledge of the local situation of particular stations on its 
surface is of great consequence, when we come to inquire 
the distances of the nearer heavenly bodies from us, as 
concluded from observations of their parallax as well as 
on all other occasions, where a difference of locality can 
be supposed to influence astronomical results. We pro- 
pose, therefore, in this chapter, to explain the principles 
by which astronomical observation is applied to geo- 
graphical determinations, and to give at the same lime 



106 A TREATISE ON ABTRONOMT. [oBAP. ID 

an outline of geography no far as it ia to be dinsLdereda 
part of astronomy. 

(102.) Geography, as Uie word imports, is a delinw- 
tion or description of the earth. In its widest sense, thii 
con)pre]iends not only tlie delineation of the form of ife 
rontinonts and seas, its rivers and mountains, but their 
pliysical condition, climates, and products, and their 
jippropriiition by com.munities of men. With physical 
and j)olitical geography, however, we have no concern 
hero. AstronomictU geography has for its objects the 
exact knowledge of tlic form and dimensions of the earth, 
tlie parts of its surface occupied by sea and land, and the 
coufi^j^u ration of the surface of the latter, regarded as pro- 
tuberant above the ocean, and broken into the various 
forms of mountain, table land, and valley ; neither shoflld 
the form of tlie bed of the ocean, regarded as a coniiuuft- 
tion of the surface of the land beneath the water, be left 
out of consideration ; we know, it is true, very little of 
it ; but tliis is an io^norance rather to be lamented, and, 
if ])ossibl(^, remedied, than acquiesced in, inasmuch as there 
arc many very important branches of inquiry which would | 
be greatly advanced by a better acquaintance with it. * 

(163.) With regard to the figure of the earth ai a \ 
whole^ we liave already shown that, speaking loosely, it 
may be regarded as spherical ; but the reader who has 
duly appreciated the remarks in art. 23 will not be at a 
loss to perceive that this result, concluded from observa- 
tions not susceptible of much exactness, and embracing 
very small portions of the surface at once, can only bS 
regarded as a first approximation, and may require to be 
materially modified by entering mto minutiae before neg- 
lected, or by increasing the delicacy of our observations, 
or by including in their extent larger areas of its surface. 
For instance, if it should turn out (as it will), on minuter 
inquiry, that the true figure is somewhat elliptical, or 
flattened, in the manner of an orange, having the diame- 
ter which coincides with the axis about ^J^th part shorter 
than the diameter of its equatorial circle ; this is so 
trifling a deviation from the spherical form that, if a mo- 
del of such proportions were turned in wood, and laid 
before us on a table, the nicest eye or hand would not 
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detect the flattening, since the difference of diameters, in 
a( globe of sixteen inches would amount only to ^^^th of 
ffli inch. In all common parlance, and for all ordinary 
purposes, then, it would still be called a globe ; while, 
nevertheless, by carefid meajsurement, the difference 
would not fail to be noticed, and, speaking strictly, it 
would be termed, not a globe, but an oblate ellipsoid, or 
spheroid, which is the name appropriated by geometers 
to the form above described. 

(164.) The sections of suoh a figure by a plane, are not 
circles, but ellipses ; so that, on such a shaped earth, the 
horizon of a spectator would nowhere (except at the 
poles) be exactly circular, but somewhat elliptical. It is 
easy to demonstrate, however, that its deviation from the 
circular form, arising from so very slight an " ellipticity*^ 
as above supposed, would be quite imperceptible, not 
cnly to our eyesight, but to the test of the dipsector ; so 
that by that mode of observation we should never be led 
to notice so small a deviation from perfect sphericity, 
if ow we are led to this conclusion, as a practical result, 
will appear, when we have explained the means of de- 
termining with accuracy the dimensions of the whole, or 
any part of the earth. 

(165.) As we cannot grasp the earth, nor recede from 
it far enough to view it at once as a whole, and compare 
it with a known standard of measure in any degree com« 
mensurate to lis own size, but can only creep about upon 
it, and apply our diminutive measures to comparatively 
small parts of its vast surface in succession, it becomes 
accessary to supply, by geometrical reasoning, the defect 
of our physical powers, and from a delicate and careful 
measurement of such small parts to conclude the form 
and dimensions of the whole mass. This would present 
little difficulty, if we were sure the earth were strictly % 
sphere, for the proportion of the circumference of a circle 
to its diameter being known (viz. that of 3*1415925 U> 
1 '0000000), we have only to ascertain the length of the 
entire circumference of any great circle, such as a meri- 
dian, in miles, feet, or any other standard units, to know 
the diameter in units of the same kind. Now the cir- 
cumference of the whole circle is known as soon as we 

L 
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know the exact length of any aliquot part of it, such as 
1° or 3 J^th part ; and, this being not more than about 
seventy miles in length, is not beyond the limits of veiy 
exact measurement, and could in fact, be measured (if 
we knew its exact termination at each extrenoiity) wit 
a very few feet, or, indeed, inches, by methods prese 
to be particularized. 

(166.) Supposing, then, we were to begin measuring 
with all due nicety from any station, in the exact dii«c- 
tion of a meridian, and go measuring on, till by some in- 
dication we were informed that we had accomplished an 
exact degree from the point we set out from, our problem 
would then be at once resolved. It only remains, there- 
fore, to inquire by what indications we can be sure, 1st, 
that we have advanced an exact degree $ and, 2dly, that we 
have been measuring in the exact direction of a great circle, 

(167.) Now, the earth has no landmarks on it to in- 
dicate degrees, nor traces inscribed on its surface to guide 
us in such a course. The compass, though it affords a 
tolerable guide to the mariner or the traveller, is far too 
uncertain in its indications, and too little known in its 
laws, to be of any use in such an operation. We must, 
therefore, look outwards and refer our situation on the 
surface of our globe to natural marks, external to it, 
and which are of equal permanence and stability with the 
earth itself. . Such marks are afforded by the stars. By 
observations of their meridian altitudes, performed at any 
station, and from their known polar distances, we con- 
clude the height of the pole ; and since the altitude of the 
pole is equal to the latitude of the place (art. 95), the 
same observations give the latitudes of any stations where 
we may establish the requisite instruments. When our 
latitude, then, is found to have diminished a degree, we 
know that, provided we have kept to the meridian^ we 
have described one three hundred and sixtieth part of the 
earth's circumference. 

(168.) The direction of the meridian may be secured 
at every instant by the observations described in art. 187, 
and although local difficulties may oblige us to deviate in 
our measurement from this exact direction, yet if we 
Keep a strict account of the amount of this deviation, a 
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very simple calculation will enable ns to reduce our ob- 
served measure to its meridional value. 

(169.) Such is the principle of that most important 
geographical operation, the measurement of an arc of 
Uie meridian. In its detail, however, a somewhat modi- 
fied course must be followed. An observatory cannot be 
mounted and dismounted at every step ; so that we can- 
not identify and measure an exact degree neither more 
nor less. But this is of no consequence, provided we 
know with equal precision how much, more or less, we 
have measured. In place, then, of measuring this pre- 
cise aliquot part, we take the more convenient method 
of measuring from one good observing station to another, 
about a degree, or two or three degrees, as the case may 
be, apart, and determining by astronomical observation 
the precise difference of latitudes between the stations. 

(170.) Again, it is of great consequence to avoid in 
this operation every source of uncertainty, because an 
error committed in the length of a single degree will be 
multiplied 360 times in the circumference, and nearly 
115 times in the diameter of the earth concluded from it. 
Any error which may affect the astronomical determination 
of a star's altitude will be especially influential. Now 
there is still too much uncertainty and fluctuation in the 
amount of refraction at moderate altitudes, not to make it 
especially desirable to avoid this source of error. To 
effect this, we take care to select for observation, at the 
extreme stations, some star which passes through or near 
the zeniths of both. The amount of refraction, within a 
few degrees of the zenith, is very small, and its fluctua- 
tions and uncertainty, in point of quantity, so excessively 
minute as to be utterly inappreciable. Now, it is the 
same thing whether we observe the pole to be raised or 
depressed a degree, or the zenith distance of a star when 
on the meridian to have changed by the same quantity! 
If at one station we observe any star to pass dirough the 
zenith, and at the odier to pass one degree south or north 
of the zenith, we are sure that the geographical latitudes, 
or the altitudes of the pole at the two stations, must dif- 
fer by the samie amount. 

(17L) Granting that the terminal points of one degree 
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can be ascertained, its length may be measuied by the 
methods whicli will be presently described, as we haie 
before remarked, to within a very few feet. Now, the 
error wliich may be committed in fixing each of ^oe 
terminal points cannot exceed that which may be cooh 
mitted in the observation of the zenith distance of a star, 
properly situated for the purpose in question. This eiior, 
with proper care, can hardly exceed a single second. 
Supposing we grant the possibility of ten feet of error id 
the measured length of one degree, and of one second ii 
each of tlie zenith distances o( one star, observed at the 
northern and southern stations, and, lasUy, suppose aB 
these errors to conspire, so as to tend all of them to givf 
a result greater or all less than the truth, it will appear, 
by a very easy proportion, that the whole amount of 
error which would be thus entailed on an estimate of thf 
earth's diameter, as concluded from such a measure, 
would not exceed 544 yards, or about the third part of a 
mile, and this would be large allowance. 

(172.) This, however, supposes that the form of the 
earth is that of a perfect sphere, and, in consequence, the 
lengths of its degrees in all parts precisely equal. But 
when we come to compare the measures of meridiooal 
arcs made in various parts of the globe, the results ob^ 
tained, although they agree sufficiently to show that the 
supposition of a spherical figure is not very remote from 
the truth, yet exhibit discordances far greater than what 
we have shown to be attributable to error of observatioiii 
and which render it evident that the hypothesis, in strict- 
ness of its wording, is untenable. The following table 
exhibits the lengths of a degree of the meridian (astro- 
nomically determined as above described), expressed in 
British standard feet, as resulting from actual measure- 
ment, made with all possible care and precision, by com- 
missioners of various nations, men of the first eminence, 
supplied by their respective governments with the best 
instruments, and furnished with every facility which 
could tend to insure a successful result of their import- 
ant labours.* 

* The first three columns of this table are extracted from amooff the 
data given in Professor Airy'g excellent paper ** On the Figure of the 
Earth,** in the £ucyclop6sdia Metropulitaoa. 
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Country. 


Latitude 

of Middle 

of the Arc 


Arc 
measured. 


Length 

of the 

Degree 

concluded. 


Observers. 


Sweden 

Russia • 

England 

France 

France - 

Some 

America, U. S. • 

Cape of Good Hope 

India 

India 

Peru 


66 20 10 
58 17 37 
52 35 45 
46 52 2 
44 51 2 
42 59 
3D 12 
33 18 30 
16 6 22 
12 32 21 
1 31 


. 1®37'19' 

3 35 5 

3 57 13 

8 20 

12 22 13 

2 9 47 
1 28 45 
1 13 17} 

15 57 40 
1 34 56 

3 7 3 


365782 
365368 
364971 
364872 
364535 
364262 
363786 
364713 
363044 
363013 
362e08 


Svanberg. 
Struve. 
Roy, Kater. 
Lacaille, Caasini. 
Delambre, Mechain. 
Boscovicb. 
Mason, Dixon. 
Lacaille. 

Lambton, Everest. 
Lambton. 
Condaroine, Stc 



It is evident from a mere inspection of the second and 
fourth columns of this table that the measured length of 
a degree increases tmth the latitude, being greatest near 
the poles, and least near the equator. Let us now con- 
sider what interpretation is to be put upon this conclusion, 
as regards the form of the earth. 

(173.) Suppose we held in our hands a model of the 
earth smoothly turned in wood, it would be, as already 
observed, so nearly spherical, that neither by the eye nor 
the touch, unassisted by instruments, could we detect any 
deviation from that form. Suppose, too, we were debar- 
red from measuring directly across from surface to surface 
in different directions with any instrument, by which we 
might at once ascertain whether one diameter were longer 
than another ; how, then, we may ask, are we to ascer- 
tain whether it is a true sphere or not ? It is clear that 
we have no resource, but to endeavour to discover, by 




some nicer means than simple inspection or feeling, 
whether the convexity of its surface is the same in 
every part ; and if not, where it is greatest, and where 
least Suppose, then, a thin plate of metal to be cut into 

L2 
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a concavity at ite edge, so as exactly to fit the surface 3< 
A ; let this now be removed from A, and applied sccce*- 
sivcly to several other parts of the cnirfacey taking care lo 
keep its plane always on a great circle of the globe, a? 
here represented. If, then, we find any position, B, in 
which the light can enter in the middle between the globe 
and plate, or any other, C, where the latter tilts by pw- 
sure, or admits the light under its e^ges, we are sure that 
tlie curvature of the surface at B is less, and at C greater 
than at A. 

(174.) What we here do by the application of a metal ,! 
plate of determinate length and curvature, we do on the i 
earth by the measurement of a degree of variation in the 
altitude of the pole. Curvature of a surface is nothiag 
but the continual deflection of its tangent from one fixed 
direction as we advance along it. When, in the sana 
measured distance of advancey we find the tangent 
(which answers to our horizon) to have shifted its posi- 
tion with respect to a fixed direction in space (such as 
the axis of the heavens, or the line joining the earth's 
centre and some given star), more in one part of the 
earth's meridian than in another, we conclude, of ne- 
cessity, that the curvature of the surface at the former 
spot is greater than at the latter ; and, vice versa^ when, \ 
in order to produce the same change of horizon with ; 
respect to the pole (suppose 1°), we require to travel 
over a longer measured space at one point than at an- 
other, we assign to that point a less curvature. Henea 
we conclude that the curvature of a meridional seeiku^ ii 
of the earth is sensibly greater at the equator than Uh 
wards the poles ; or, in other words, that the earth W 
not spherical, but flattened at the poles, or, which comef 
to the same, protuberant at the equator. 

(175.) Let NABDEF represent a meridional section 
of the earth, C its centre, and NA, BD, GE, arcs of a 
meridian, each corresponding to one degree of difference 
of latitude, or to one degree of variation in the meridian 
altitude of a star, as referred to the horizon of a spectator 
travelling along the meridian. Let wN, ak, bB, rfD, gQ, 
eE, be the respective directions of the plumb-line ^i the 
stations N, A, B, D, O, E, of which we will suppose N 
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to be at the pole and £ at the equator ; then will the tan- 
gents to the surface at these points respectively be per- 
pendicular to these directions ; and, consequently, if each 
pair, viz. nN and a A, bB and dD, gG and f£, be pro- 
longed till they intersect each other (at the points a:, y, z), 
the angles NxA, Bi/D, OzE, will each be one degree, 
and, therefore, all equal ; so that the small curvilinear 
arcs NA, BD, GE, may be regarded as arcs of circles 
of one degree each, described about a?, y, z, as centres. 
These are what in geometry are called centres of curvo 
ture, and the radii arN or orA, yB or yD, zG or zE, re- 
present radii of curvature^ by which the curvatures at 
those points are determined and measured. Now, as the 
arcs of different circles, which subtend equal angles at 
their respective centres, are in the direct proportion of 
their radii, and as the arc NA is greater than BD, and 
that again than G£, it follows that the radius Nz must 
be greater than By, and By than Ez. Thus it appears 
that the mutual intersections of the plumb-lines wul not, 
as in the sphere, all coincide in one point C» the centre, 
but will be arranged along a certain curve, xyz (which 
will be rendered more evident by considering a number 
of intermediate stations). To this curve geometers have 
given the name of the evolute of the curve NABDGE9 
from whose centres of eurvature it is eonstructed* 
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(170.) In the flattening of a round figure at two op- 
posite points, and its protuberance at points rectangularlv 
situated to the former^ we recognise the distinguishing 
feature of the elliptic form. Accordingly, the next and 
simplest supposition that we can make respecting the 
nature of the meridian, since it is proved not to be a I 
circle, is, that it is an ellipse, or nearly so, having NS, ^ 
the axis of the earth, for its shorter, and EF, the equa- 
torial diameter, for its longer axis ; and that the form of 
the earth's surface is that which would arise from making 
such a curve revolve about its shorter axis NS. This 
agrees well with the general course of the increase of ' 
the degree in going from the equator to the pole. In the [; 
ellipse, tlie radius of curvature at E, the extremity of the 
longer axis is the least, and at that of the shorter axis, 
the greatest it admits, and the form of its evolute agrees 
with that here represented.* Assuming, then, that it is 
an ellipse, the geometrical properties of that curve ena- 
ble us to assign the proportion between the lengths of its 
axes which shall correspond to any proposed rate of va- 
riation in its curvature, as well as to fix upon their ab- 
solute lengths, corresponding to any assigned length of 
the degree in a given latitude. Without troubling the 
reader with the investigation (which may be found in 
any work on tlie conic sections), it will be sufficient to 
state that the lengths which agree on the whole best with 
the entire series of meridional arcs which have been 
satisfactorily measured, are as follow :t— • 

Feet. Miles. 

Greater or equatorial diameter =41,847,426=7926^548 

Lesser or polar diameter =41,707,620= 7899-170 

Difierence of diameters, or polar com- 1 , on Qnzr_ oc ^no 

pression J = 139'806= 26-478 ■ 

The proportion of the diameters is very nearly that of 
298 : 299, and their difference ^^^ of the greater, or a 
very little greater than ^^, 

(177.) Thus we see that the rough diameter of 8000 
miles we have hitherto used is rather too great, the ex- 
cess being about 100 miles, or j^th part. We consider 
it extremely improbable that an error to the extent ot 

* The dotted lines are the portions of the evolute belonging to the othei 
quadrants, 
t See Profen. Airy't £nay before cited. 
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five miles can subsist in the diameters, or an uncertamty 
to that of a tenth of its whole quantity in the com- 
:pression just stated. As convenient numbers to remem- 
ber, the reader may bear in mind, that in our latitude 
■there are just as many thousands of feet in a degree of 
the meridian as there are days in the year (365) : that, 
speaking loosely, a degree is about 70 British statute 
miles, and a second about 100 feet ; and that the equa- 
toirial circumference of the earth is a litde less than 
25,000 miles (24,899). 

(178.) The supposition of an elliptic form of the 
earth's section through the axis is recommended by its 
simplicity, and confirmed by comparing the numerical 
results we have just set down with those of actual mea- 
surement. When this comparison is executed, discord- 
ances, it is true, are observed, which, although still too 
great to be referred to error of measurement, are yet so 
small, compared to the errors which would result from 
the spherical hypothesis, as completely to justify our 
regarding the earth as an ellipsoid, and referring the 
observed deviations to either local or, if general, to com- 
paratively small causes. 

(179.) Now, it is highly satisfactory to find that the 
general elliptical figure thus practically proved to exist, 
is precisely what ought theoretically to result from the 
rotation of the earth on its axis. For, let us suppose 
the earth a sphere, at rest, of uniform materials through- 
out, and externally covered with an ocean of equal depth 
in every part. Under such circumstances it would ob- 
viously be in a state of equilibrium; and the water on 
its surface would have no tendency to run one way or 
the other. Suppose, now, a quantity of its materials 
were taken from the polar regions, and piled up all 
around the equator, so as to produce that difference of 
the polar and equatorial diameters of 26 miles which we 
know to exist. It is not less evident that a mountain 
ridge or equatorial continent^ only, would be thus form- 
ed, from which the water would run down to the ex- 
cavated part at the poles. However solid matter might 
rest where it was placed, the liquid part, at least, would 
not remain there, any more than if it were thrown on 
the side of a hill. The oooaequeiice, therefore, wixdd 

# 
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be the formation of two great polar seas, hemmec 
round by equatorial land. Now, this is by no m 
the case in nature. The ocean occupies, indiffe 
all latitudes, with no more partiality to the polar t s 
the etpiatorial. Since, then, as we see, the water op 
cupies an elevation above the centre no less than 13 
miles greater at the equator than at the poles, and yel 
manifests no tendency to leave the former and run to- 
wards the latter, it is evident that it must be retaintd'vi 
that situation by some adequate power. No such power, 
however, would exist in the case we have supposed, 
which is therefore not conformable to nature. In other 
words, the spherical form is not the figure of eqw^ 
hrium ; and therefore the earth is either not at rest, or 
is so*internally constituted as to attract the water toi« 
equatorial regions, and retain it there. For the latter 
supposition there is no prima facie probability, noraoj 
analogy to lead us to such an idea. The former is ifl 
accordance with all the phenomena of the apparent 
diurnal motion of the heavens ; and, therefore, if it will 
furnish us with the power in question, we can have no 
hesitation in adopting it as the true one. 

(180.) Now, every body knows that 
when a weight is whirled round, it ac- 
quires thereby a tendency to recede 
from the centre of its motion ; which is 
called the centrifugal force. A stone 
whirled round in a sling is a comnKm 
illustration ; but a better, for our pre- 
sent purpose, will be a pail of water, sua- 
pended by a cord, and made to tpw 
rounds while the cord hangs perpendi- 
cularly. The surface of the water, in- 
stead of remaining horizontal, will be- 
come concave, as in the figure. The 
centrifugal force generates a tendency in 
all the water to leave the axis, and 
press towards the circumference ; it is, 
therefore, urged against the pail, and 
forced up its sides, till the excess of 
height, and consequent increase of pies- 
sure downwards, just counterbalances its 
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1 centrifugal force, and a state of eqtiilibrium is attained. 
I The experiment is a very easy and instructive one, and 
i is admirably calculated to show how the form of equili" 
I brium accommodates itself to varying circumstances. 
If, for example, we allow the rotation to cease by degrees, 
t becomes slower we shall see the concavity of the water 
. regularly diminish ; the elevated outward portion will de- 
scend, and the depressed central rise, while all the time a 
perfectly smooth surface is maintained, till the rotation is 
exhausted, when the water resumes its horizontal state. 
(181.) Suppose, then, a globe, of the size of the earth, 
at rest, and covered with a uniform ocean, were to be set 
in rotation about a certain axis, at first very slowly, but 
by degrees more rapidly, till it turned round onpe in 
twenty-four hours ; a centrifugal force would be thus gene- 
rated, whose general tendency would be to urge the water 
at every point of the surface to recede from the axis. 
A rotation might, indeed, be conceived so swift as to flirt 
the whole ocean from the surface, like water from a mop. 
But this would require a far greater velocity than what 
we now speak of. In the case supposed, the weight 
of the water would still keep it on the earth : and the 
tendency to recede from the axis cotdd only be satisfied, 
therefore, by the water leaving the poles, and flowing 
towards_the equator ; there heaping itself up in a ridge, 
just as the water in our pail accumulates against the side ; 
and being retained in opposition to its weight, or natural 
tendency towards the centre, by the pressure thus caused. 
This, however, could not take place without laying dry 
the polar portions of the land in th^ form of immensely 
protuberant continents ; and the diflerenceof our supposed 
cases, therefore, is this :»— in the former, a great equato- 
rial continent and polar seas would be formed ; in the 
latter, protuberant land would appear at the poles, and a 
zone of ocean be disposed around the equator. This 
would be the first or immediate eflfect. Let us now see 
what would afterwards happen, in the two cases, if things 
were allowed to take their natural course. 

(182.) The sea is constantly beating on the land, 
grinding it down, and scattering its worn ofl* particles and 
fragments, in the state of mud and pebbles, over its bed. 
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Geological facts aflbrd abundant proof that the ezistiDf 
contiiiciits have all of them undergone this process, ereii 
more tlian once, and been entirely torn in fragments, or 
reduced to powder, and submerged and reconstructed 
Land, in this view of the subject, loses its attribute ol 
fixity. As a mass it might hold together in oppositios 
to forces which the water freely obeys ; but in its state 
of successive or simultaneous degradationy when dissemi' 
natcd through the water, in the state of sand or mud, D 
b subject to all the impulses of that fluid. In the lapN 
of time, then, the protuberant land in both cases would 
be destroyed, and spread over the bottom of the ocean, 
filling up the lower parts, and tending continually to re- 
model the surface of the solid nucleus, in correspondence 
with the /on?i of equilibrium in both cases. Thus, aftfl 
a suflicient lapse of time, in the case of an earth at rest, 
the equatorial continent, thus forcibly constructed, would 
again be levelled and transferred to the polar excavations, 
and the spherical figure h^ so at length restored. In 
that of an earth in rotation, the polar protuberances 
would gradually be cut down and disappear, being trans* 
ferred to the equator (as being tlien the deepest sea), till 
the earth would assume by degrees the form we observe 
it to have — that of a flattened or oblcUe ellipsoid. 

(183.) We are far from meaning here to trace the pro- 
cess by which the earth really assumed its actual form; 
all we intend is, to show that this is the form to which, 
under the condition of a rotation on its axis, it must tendf 
and which it would attain, even if originally and (so to 
speak) perversely constituted otherwise. 

(184.) But, further, the dimensions of the earth and 
the time of its rotation being known, it is easy tlience to 
calculate the exact amount of the centrifugal force,* 
which, at the equator, appears to be ^^ th part of the 
force or weight by which all bodies, whether solid or 
liquid, tend to fall towards tlie earth. By this fraction 
of its weight, then, the sea at the equator is lightened^ 
and thereby rendered susceptible of being supported at a 
higher level, or more remote from the centre than at the 
poles, where no such counteracting force exists; and 
* See Cab. Cyc. Mechanics, c. viiL 
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where, in consequence, the water may be considered as 
specifically heavier. Taking this- principle as a guide, 
and combining it with the laws of gravity (as developed 
by Newton, and as hereafter to be more fully explained), 
mathematicians have been enabled to investigate, a pri" 
ori, what would be tlie figure of equilibrium of such a 
body, constituted internally as we have reason to believe 
the earth to be; covered wholly or partially with a fluid; 
and revolving uniformly in twenty-four hours ; and the 
result of this inquiry is found to agree very satisfactorily 
with what experience shows to be the case. From their 
investigations it appears that the form of equilibrium is, 
in fact, no other than an oblate ellipsoid, of a degree of 
ellipticity very nearly identical with what is observed, 
and which would be no doubt accurately so, did we know 
the internal constitution and materials of the earth. 

(185.) The confirmation thus incidcntly furnished, of 
tlie hypothesis of the earth's rotation on its axis, cannot 
fail to strike the reader. A. deviation of its figure from 
that of a sphere was not contemplated among the original 
reasons for adopting that hypothesis, which was assumed 
solely on account of the easy explanation it oflTers of the 
apparent diurnal motion of the heavens. Yet we see 
that, once admitted, it draws with it, aa.a necessary con- 
sequence, this other remarkable phenomenon, of which 
no other satisfactory account could be rendered. Indeed, 
so direct is their connexit)n, that the ellipticity of the 
earth's figure was discovered and demonstrated by New- 
ton to bo a consequence of its rotation, and its amount 
actually calculated by him, long before any measurements 
had suggested such a conclusion. As we advance with 
our subject, we shall find the same simple principle 
branching out into a whole train of singular and import- 
ant consequences, some obvious enough, others which 
at first seem entirely unconnected with it, and which, 
until traced by Newton up to ^is their origin, had 
ranked among the most inscrutable arcana of astronomy, 
as well as among its grandest phenomena. 

(186.) Of its more obvious consequences, we may here 
mention one which falls in natturally with our present 
subject. If die earth really revolve on its axis, this rotap 
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lion must fvenerate a centrifugal force (see art. 184), the 
cfloct of which must of course be to counteract a certain 
portion of the weight of every body situated at the equa- 
tor, as compared with its weight at the poles, or in any 
intermediate latitudes. Now, this is fully confirmed by I 
experience. There is actually observed to exist a diffe^ 
ence in the gravity, or downward tendency, of one pd 
the same body, when conveyed successively to stations r 
in different latitudes. Experiments made with the great- i 
est care, and in every accessible part of the globe, have 
fully demonstrated the fact of a regular and progressive [ 
increase in the weights of bodies corresponding to the ' 
increase of latitude, and fixed its amount and the law of 
its progression. From these it appears, that the extreme 
amount of this variation of gravity, or the difference be- 
tween the equatorial and polar weights of one and the 
same mass of matter, is one part in 194 of its whole 
weight, the rate of increase in travelling from the equa- 
tor to the pole being as the square of the sine of the lati* 
tude. 

(187.) The reader will here naturally inquire, what is 
meant by speaking of the same body as having different 
weights at different stations ; and, how such a fact, if 
true, can be ascertained. When we weigh a body by a 
balance or a steelyard we do but counteract its weight by 
tlie equal weight of another body under the very same 
circumstances ; and if both the body weighed and its 
counterpoise be removed to another station, their gravity, 
if changed at all, will be changed equally, so that they 
will still continue to counterbalance each other. A dif- 
ference in the intensity of gravity could, therefore, never 
be detected by these means ; nor is it in this sense that 
we assert that a body weighing 194 pounds at the equa- 
tor will weigh 195 at the pole. If counterbalanced in a 
scale or steelyard at the former station, an additional 
pound placed in one or other scale at the latter would 
inevitably sink the beam. 

(188.) The meaning of the proposition may be thus ex- 
plained : — Conceive a weight x suspended at the equator 
by a string without weight passing over a pulley. A, and 
conducted (supposing such a thing possible) over otlier 
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pulleys, such as B, round the earth's convexity, till the 
other end hung down at the pole, and there sustained the 
weight y. If, then, the weights x ^ 

and y were such as, at any one 
tion, equatorial or polar, would 
actty counterpoise etch other on a 
balance or wlien suspended side 
by side over a single pulley, they 
would not counterbalance each 
other in this supposed situation, but 
the polar weighty would preponde- 
rate; and to restore the equipoise 
the weight a; must be increased by-y^th part of its quantity. 
(189.) The means by which this variation of gravity- 
may be shown to exist, and its amount measured, are 
twofold (like all estimations of mechanical power], stati- 
cal and dynamical. The former consists in putting the 
gravity of a weight in equilibrium, not with that of an- 
other weight, but with a natural power of a different kind 
not liable to be affected by local situation. Such a power 
is the elastic force of a spring. Let ABC be a strong 
support of brass standing on the foot ABD east in one 
piece with it, into which is let a b 

smooth plate of agate, D, which can 
be adjusted to perfect horizonlahly 
by a level. At C let a spiral spring 
G be attached, which carries at its 
lower end a weight F, polished and 
convex below. The length and 
strength of the spring must be so ad- 
justed that the weight F shall be sus- 
tained by it just to swing clear of 
contact with the agate plate in the 
highest latitude at which it is intend- 
ed to use the instrument. Then, if 
email weights beaddedcauUously,it 
may be made to descend till it juat 
graje»the agate, aeontactwhich can ^ 
be made with the utmost imaginable ^ 
delicacy. Let these weights be noted; the weight P do- 
uched ; the Rpriog Q carefully lifted off ita hook, uul 
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secured, for travelling, from rust, strain, or disturbance, 
and the whole apparatus conveyed to a station in a lower 
latitude. It will then be found, on remounting it, that, 
although loaded with the same additional weights as be- 
fore, the weight F will no lonorer have power enougk 
to stretch the spring to the extent required for producing 
a similar contact. More weights will require to be add- 
ed ; and the additional quantity necessary will, it is en* 
dent, measure the difference of gravity between the two 
stations, as exerted on the whole quantity of pendent 
matter, i, e. the sum of the weig-ht of F and half that 
of the spiral spring itself. Granting that a spiral spring 
can be constructed of such strength and dimensions 
that a weight of 10,000 grains, including its own, shall 
produce an elongation of 10 inches without permanently 
straining it,* one additional grain will produce a further 
extension of y^^^j^th of an inch, a quantity which cannot 
possibly bo mistaken in such a contact as that in question. 
Thus we should be provided with the means of mea- 
suring the power of gravity at any station to within 
Tu^J^h of its whole quantity. 

(li)0.) The other, or dynamical process, by which the 
force urging any given weight to the earth may be de- 
termined, consists in ascertaining the velocity imparted 
by it to the weight when suflfered to fall freely in a given 
time, as one second. This velocity cannot, indeed, be 
di reedy measured ; but indirectly, the principles of me- 
chanics furnish an easy and certain means of deducing it, 
and, consequently, the intensity of gravity, by observing 
the oscillations of a pendulum. It is proved in mecha- 
nics (see Cab. Cyc, Mechanics, 216), that, if one and 
the same pendulum be mad'e to oscillate at different sta- 
tions, or under the influence of different forces, and the 
numbers of oscillations made in the same lime in each 

* Whether the process above described could ever be so far perfteled 
and reniied as to become a substitute for the use of the p^dulum miMt 
depend on the degree of permanence and uniformity of action of spriqgi^ 
on the constancy or variabiHty of the effect of temperature, cm their Mas- 
tic force, on the possibilityof transporting them, absolutely unaltered, 
from place to place, &c. The great advantages, however, which audi 
an apparatus and mode of observation would possess, in point of coqv» 
iiience, cheapness, portability, and expedition, over the present labotioile- 
tedious, oud ezpeonve process, render the attempt well worth p^ ijing^ 
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case be counted, the intensities of the forces will be to 
e«ich other inversely as the squares of the numbers of 
oscillations made, and thus their proportion becomes 
known. For instance, it is found that, under the equa- 
tor, a pendulum of a certain form and length makes 
86,400 vibrations in a mean solar day ; and that, when 
transported to London, the same pendulum makes 86,535 
vibrations in the same time. Hence we conclude, that 
the intensity of the force urging the pendulum down- 
wards at the equator is to that at London as 86400 to 
86535, or as 1 to 1-00315; or, in other words, that a 
mass of matter at the equator weighing 10,000 pounds 
exerts the same pressure on the ground, and the same 
effort to crush a body placed below it, that 10,0311 of the 
same pounds, transported to London, would exert there. 

(191.) Experiments of this kind have been made, as 
above stated, with the utmost care and minutest precaution 
to insure exactness in all accessible latitudes ; and their 
general and final result has been, to give j}^ ^^r the frac- 
tion expressing the difference of gravity at the equator 
and poles. Now, it will not fail to be noticed by the 
reader, and will, probably, occur to him as an objec- 
tion against the explanation here given of the fact by the 
earth's rotation, that this differs materially from the frac- 
tion 5-J^ expressing the centrifugal force at the equator. 
The difference by which the former fraction exceeds the 
latter is jJ^^, a email quantity in itself, but still far too 
large, compared with the others in question, not to be 
distinctly accounted for, and not to prove fatal to this ex- 
planation if it will not render a strict account of it. 

(192.) The mode in which this difference arises af- 
fords a curious and instructive example of the indirect 
influence which mechanical causes often exercise, and 
of which astronomy furnishes innumerable instances. 
The rotation of the earth gives rise to the centrifuge 
force ; the centrifugal force produces an ellipticity in the 
form of the earth itself; and this very ellipticity of form 
modifies its power of attraction on bodies placed -at iut 
surface, and thus gives rise to the difference in qtieffU<m« 
Here, then, we have the same cause exercisiof at onc^ a 

direct and an indirect influence. TheainoQiUoitbeibriiier 

M2 
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id easily calculated, that of the latter with far more diffi' 
Gulty, by an intricate and profound application of geo* 
me try, whose steps we cannot pretend to trace in a work 
like the present, and can only state its nature and result 

(193.) The weight of a body (considered as undimi- 
nished by a centrifugal force) is the effect of the earth's 
attraction on it. This attraction, as Newton has demon- 
straled, consists, not in a tendency of all matter to any 
one particular centre, but in a disposition of every parti- 
cle of matter in the universe to press towards, and if not 
opposed to approach to, every other. TJie attraction of 
tlic earth, then, on a body placed on its surface, is not a 
simple but a complex force, resulting from the separate 
attractions of all its parts. Now, it is evident, that if the 
earth wore a perfect sphere, the attraction exerted by it 
on a body any where placed on its surface, whether at 
its equator or pole, must be exactly alike, for the simple 
reason of the exact symmetry of the sphere in every di- 
rection. It is not loss evident that, the earth being ellip- 
tical, and tliis symmetry or similitude of all its parts not 
existinj^, the same result cannot be expected. A body 
placed at the equator, and a similar one at the pole of a 
flattened ellipsoid, stand in a different geometrical rela- 
tion to the mass as a whole. This difference, without 
entering further into particulars, may be expected to 
draw with it a difference in its forces of attraction on the 
two bodies. Calculation confirms this idea. It is a 
question of purely mathematical investigation, and has 
been treated with perfect clearness and precision by New- 
ton, Maclaurin, Clairaut, and many other eminent geo- 
meters ; and the result of their investigations is to show 
that owing to the elliptic form of the earth alone, and in- 
dependent of the centrifugal force, its attraction ought to 
increase the weight of a body in going from the equator 
to the pole by almost exactly y-y^^th part ; which, toge- 
ther with ^y^fth due to the centrifugal force, make up the 
whole quantity, y^yth, observed. 

(194.) Another great geographical phenomenon, which 
owes its existence to the earth's rotation, is that of the 
trade-winds. These mighty currents in our atmosphere, 
on which so important a part of navigation depends, 
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arise from, 1st, the unequal exposure of the earth's sur* 
fyme to the sun's rays, by which it is unequally heated 
in different latitudes ; and, 2dly, from that general law 
in the constitution of all fluids, in virtue of which they 
occupy a larger bulk, and become specifically lighter 
when hot than when cold. These causes, combined with 
liie earth's rotation from west to east, afford an easy and 
satisfactory explanation of the magnificent phenomena in 
question. 

(195.) It is a matter of observed fact, of which we 
shall give the explanation farther on, that the sun is con- 
stantly vertical over some one or other part of the earth 
between two parallels of latitude, called the tropics, re- 
spectively 235° north, and as much south of the equator; 
and that the whole of that zone or belt of the earth's sur- 
face included between the tropics, and equally divided 
by the equator, is, in consequence of the great altitude 
attained by the sun in its diurnal course, maintained at a 
much higher temperature than those regions to the north 
and south which lie nearer the poles. Now, the heat thus 
acquired by the earth's surface is communicated to the 
incumbent air, which is thereby expanded, and rendered 
specifically lighter than the air incumbent on the rest of 
the globe. It is, therefore, in obedience to the general 
laws of hydrostatics, displaced and buoyed up from the 
surface, and its place occupied by colder, and therefore 
heavier air, which glides in, on both sides, along the 
surface, from the regions beyond the tropics ; while the 
displaced air, thus raised above its due level, and unsus- 
tained by any lateral pressure, flows over, as it were, 
and forms an upper current in the contrary direction, or 
toward the poles ; which, being cooled in its course, and 
also sucked down to supply the deficiency in the extra- 
tropical regions, keeps us thus a continual circulation. 

(196.) Since the earth revolves about an axis passing 
through the poles, the equatorial portion of its surface 
has the greatest velocity of rotation, and all other parts 
less in the proportion of the radii of the circles of lati- 
tude to which they correspond. But as the air, when 
relatively and apparently at rest on any part of the earth's 
surface, is only so because in reality it participates in tho 
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motion of rotation proper to that part, it follows that 
when a mass of air near the poles is transferred to the 
region near tjie equator by any impulse urging it direct- 
ly towards that circle, in every point of its progress to- 
wards its new situation it must be found deficient in ro- 
tatory velocity, and tlierefore unable to keep up with the 
speed of the new surface over which it is brought 
Hence, the currents of air which set in towards the 
equator from the north and south must, as they glide 
along the surface, at the same time lag, or hang back, 
and drag tfpon it in the direction opposite to the earth's 
rotation, i. e. from east to west. Thus these currents, 
which but for the rotation would be simply northerly 
and southerly winds, acquire, from this cause, a relatm 
direction towards the west, and assume the character of 
permanent north-easlerly and south-easterly winds. 

(197.) Were any considerable mass of air to be stid- 
denly trausfcrred from beyond the tropics to the equator, 
the uifTerence of the rotatory velocities proper to the two 
situntions would be so great as to produce not merely a 
wind, but a tempest of the most destructive violence. 
But this is not the case ; the advance of the air from the 
north and south is gradual, and all the while the earth is 
continually acting on, and by the friction of its surface 
accelerating its rotatory velocity. Supposing its progress 
towards the equator to cease at any point, this cause 
would almost immediately communicate to it the defi- 
cient motion of rotation, after which it would revolve 
quietly with the earth, and be at relative rest. We have 
only to call to mind the comparative thinness of the coat- 
ing which the atmosphere forms around the globe (art 
34), and the immense mass of the latter, compared with 
the former (which it exceeds at least 100,000,000 tinies), 
to appreciate fully the absolute command of any exten- 
sive territory of the earth over the atmosphere immedi- 
ately incumbent on it, in point of motion. 

(198.) It follows from this, then, that as the winds on 
both sides approach the equator, their easterly tendency 
must diminish.* The lengths of the diurnal circles in- 

* See Captain Hall's " Fragments of Voyages and Travels," 2d serief. 
vol. i. p. 162, where this is very distinctly, and, so &r as I un aware, ibr 
the first time, reasoned out — Auikor* 
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crease very slowly in the immediate vicinity of the equa- 
tor, giiid for several degrees on either side of it hardly 
change at all. Thus the friction of the surface has more 
time to act in accelerating the velocity of the air, bring- 
ing it towards a state of relative rest, and diminishing 
thereby the relative set of the currents from east to west, 
which, on the other hand, is feebly, and, at length, not 
at all reinforced by the cause which originally produced 
it. Arrived, then, at the equator, the trades must be 
expected to lose their easterly character altogether. But 
not only this but the northern and southern currents, here 
meeting and opposing, will mutually destroy each other, 
leaving only such preponderancy as may be due to a 
difference of local causes acting in the two hemispheres, 
which in some regions around the equator may lie one 
way, in some another. 

(199.) The result, then, must be the production of 
two great tropical belts, in the northern of which a con- 
stant north-easterly and in the southern a south-easterly, 
wind must prevail, while the winds in the equatorial 
belt, which separates the two former, should be compa- 
ratively calm and free from any steady prevalence of 
easterly character. All these consequences are agreeable 
to observed fact, and the system of aerial currents above 
described constitutes in reality what is understood by 
the regular trade-winds,* 

(200.) The constant friction thus produced between 
the earth and atmosphere in the regions near the equator 
must (it may be objected) by degrees reduce and at 
length destroy the rotation of the whole mass. The 
laws of dynamics, however, render such a consequence 
generally impossible ; and it is easy to see, in the pre- 
sent case, where and how the compensation takes place. 
The heated equatorial air, while it rises and flows over 
towards the poles, carries with it the rotatory velocity 
due to its equatorial situation into a higher latitude, 
where the earth's surface has less motion. Hence, as 
it travels northward or southward, it will gain conti- 
nually more and more on the surface of the earth in its 
diurnal motidn, and assume constantly more an^ inore a 

* See the work last cifie4 
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tvpsterli/ relative direction ; and when at length it returw 
to the surface, in its circulation, which it must do mort 
or less in all the interval between the tropics and the 
poles, it will act on it by its friction as a powerful south- 
west wind in the northern hemisphere, and a north-west 
in the southern, and restore to it the impulse taken op 
from it at the equator. We have here the origin of the 
south-west and westerly gales so prevalent in our lati- 
tudes, and of the almost universal westerly winds ia 
the North Atlantic, which are, in fact, nothing else than 
a part of the general system of the reaction of the 
trades, and of the process by which the equilibrium of 
the earth's motion is maintained under their action.* 

(201.) In order to construct a map or model of tlw 
earth, and obtain a knowledge of the distribution of sea 
and land over its surface, the forms of the outlines of it? 
continents and islands, the courses of its rivers and 
mountain chains, and the relative situations, with respect 
to each other, of those points which chiefly interest us, 
as centres of human habitation, or from other causes, it 
is necessary to possess the means of determining correctly 
the situation of any proposed station on its surface. For 
this, two elements require to be known, the latitude and 
longitude, the former assigning its distance from the 
poles or the equator, the latter, the meridian on which 
that distance is to be reckoned. To these, in strictness, 
should be added, its height above the sea level ; but the 

* As it is our object merely to illustrate the mode in which the eardili 
rotation affects the atmosphere on the great scale, we omit all conaden' 
tion ol local periodical winds, such as monsoons, &c. 

It s<}ems worth inquiry, whether hurricanes in tropical dimates may 
not arise from portions of the upper currents prematurely diverted down* 
wards before their relative velocity has been sufficiently reduced by fiio* 
tion on, <'md gradual mixing with, the lower strata; ana so dashing upon 
the earlh with tliat tremendous velocity which gives them their destme- 
tive character, and of which hardly any rational account has ye% been 
given. Their course, generall)^ speaking, is in opposition to the regular 
trade-wind, as it ought to be, in conformity with this idea. (Youns*! 
Lectures, i. 704.) But it by no means follows that this must alwayvM 
the case. In general, a rapid transfer, either way, in latitude* oi angr 
mass of air which local or temporary causes might carry above the im- 
mediate reach of the friction of the earth's surface, would give a fearful 
exaggeration to its velocity. Wherever such a mass should strike tht 
earth, a hurricane might arise ; and should two such masses encounter 
in mid-air, a tornado oi any degree of intensity on record might eanty 
result from their comliihatiaQ.~ilttMor. 
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consideration of this had better he deferred, to avoid 
complicating the subject. 

(202.) The latitude of a station on a sphere would be 
merely the length of an arc of the meridian, intercepted 
between the station and the nearest point of the equator, 
reduced into degrees. (See art. 86.) But as the earth 
is elliptic, this mode of conceiving latitudes becomes 
inapplicable, and we are compelled to resort for our de- 
finition of latitude to a generalization of that property 
(art. 95), which affords the readiest means of determin- 
ing it by observation, and which has the advantage of 
being independent of the figure of the earth, which, 
after all, is not exactly an ellipsoid, or any known geo- 
metrical solid. The latitude of a station, then, is the 
altitude of the elevated pole, and is, therefore, astrono- 
mically determined by those methods already explained 
for ascertaining that important element. In consequence, 
it will be remembered that, to make a perfectly correct 
map of the whole, or any part of the earth's surface, 
equal differences of latitude are not represented by ex- 
actly equal intervals of surface. 

(203.) To determine the latitude of a station, then, is 
easy. It is otherwise with its longitude, whose exact de- 
termination is a matter of more difficulty. The reason 
is this: — as there are no meridians marked upon the 
earth, any more than parallels of latitude, we are obliged 
in this case, as in the case of the latitude, to resort to 
marks external to the earth, t. e. to the heavenly bodies, 
for the objects of our measurement ; but with this dif- 
ference in the two cases — to observers situated at sta- 
tions on the same meridian (i. e. differing in latitude) 
the heavens present different aspects at all moments. 
The portions of them which become visible in a com- 
plete diurnal rotation are not the same, and stars which 
are common to both describe circles differently inclined 
to their horizons, and differently divided by them, and 
attain different altitudes. On the other hand, to ob- 
servers situated on the same parallel (i. e. differing only 
in longitude), the heavens present the same aspects. 
Their visible portions are the same; .md the same stars 
describe circles equally inclined, ao|Jh'«imilarly divided 
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by tlieir horizons, and attain the same altitudes. In the 
forniiir case tlicre in, in the latter there is no/, any thiui 
in tlio aj>pearaure of the heavens, Mratched through i 
whole diurnal rotation, which indicates a difierence of 
locality in tlie observer. 

(201.) But no two observers, at different points of the 
earth's surface, can have at the same instant the same 
celestial lieniisphere visible. Suppose, to fix our ideas, 
an observer stationed at a given point of the equator, 
and that at the moment when he noticed some bright 
star to be in his zenith, and therefore on his meridiaiii 
he should be suddenly transported, in an instant of time, 
round one quarter of the globe in a westerly direction, it 
is evident that he will no longer have the same star ve^ 
tically above him : it will now appear to him to be jnst 
rising, and he will have to wait six hours before it again 
comes to his zenith, i. e. before the earth's rotation from 
west to east carries him back again to the line joining 
the star and the earth's centre from which he set ouL 

(205.) The difference of the cases, then, may be thns 
stated, so as to afford a key to the astronomical solution 
of the problem of the longitude. In the case of stations 
differing only in latitude, the same star comes to the 
meridian at the same fime, but at different altitudes. In 
that of stations differing only in longitude, it comes to 
the meridian at the same altitude, but at different times. 
Supposing, then, that an observer is in possession of any 
means by which he can certainly ascertain the time of a 
known star's transit across his meridian, he knows his 
longitude ; or if he knows the difference between its 
times of transit across his meridian and across that of 
any otlier station, he knows their difference of longitudes. 
For instance, if the same star pass the meridian of a 
place A at a certain moment, and that of B exactly one 
hour of sidereal time, or one twenty-fourth part of the 
earth's diurnal period, later, then the difference of longi- 
tudes between A and B is one hour of time or 15®, and 
B is so much west of A. 

(206.) In order to a perfectly clear understanding of 
the principle on which the problem of finding the longi- 
tude by astronomical observations is resolved, the reader 
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must learn to distinguish between time, in the abstract, 
as common to the whole universe, and therefore reckoned 
from an epoch independent of local situation, and local 
time, which reckons, at each particular place, from an 
epoch, or initial instant, determined by local convenience. 
Of time reckoned in the former, or abstract manner, we 
have an example in what we have before defined as equi- 
noctial time, which dates from an epoch determined by 
the sun's motion among the stars. Of the latter, or local 
reckoning, we have instances in every sidereal clock in 
an observatory, and in every town clock for common use. 
Every astronomer regulates, or aims at regulating, his 
sidereal clock, so that it shall indicate 0** 0" 0*, when a 
eertain point in the heavens, called the equinox, is on the 
meridian of his station. This is the epoch of his side- 
real time ; which is, therefore, entirely a local reckoning. 
It gives no information to say that an event happened at 
such and such an hour of sidereal time, unless we parti- 
eularize the station to which the sidereal time meant 
appertains. Just so it is with mean or common ' time. 
This is also a local reckoning, having for its epoch mean 
nooYiy or the average of all the times throughout the year, 
when the sun is on the meridian of tliat particular 
place to which it belongs; and, therefore, in like man- 
ner, when we date any event by mean time, it is neces- 
sary to name the place, or particularize what mean time 
we intend. On the other hand, a date by equinoctial 
time is absolute, and requires no such explanatory ad- 
dition. 

(207.) The astronomer sets and regulates his sidereal 
clock by observing the meridian passages of the more 
conspicuous and well known stars. Each of these holds 
in the heavens a certain determinate and known place 
with respect to that imaginary point called the equinox, 
and by noting the times of their passage in succession by 
his clock he knows when the equinox passed. At that 
moment his clock ought to have marked 0*" 0*" 0* ; and if 
it did not, he knows and can correct its error, and by the 
agreement or disagreement of the errors assigned by each 
star he can ascertain whether his clock is correctly regu- 
lated to go twenty-four hours in one diurnal penocU iod, 
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if not, can ascertain and allow for its rate. Thus, althoogk 
his clock may not, and indeed cannot, either be set co^ 
rcrtly, or go truly, yet by applying its error and ratt (« 
tlipy are technically termed), he can correct its indicat 
and ascertain the exact sidereal times corresponding w 
them, and proper to his locality. This indispeiu»I)k 
opcnition is called getting his lociH time. For simplieitj 
of explanation, however, we shall suppose the clock i 
perfect instrument ; or, which comes to the same thinfi 
its error and rate applied at every moment it is consoltea, 
and included in its indications. 

(208.) Suppose, now, two observers, at distant rtt- 
tions, A and B, each independently of the other, to set 
and regulate his clock to the true sidereal time of hii 
station. It is evident that if one of these clocks cosU 
be taken up without deranging its going, and set downbj' 
the side of the other, they would be found, on compsn* 
son, to differ by the exact difference of their local epochs; 
that is, by the time occupied by the equinox, or by any 
star, in passing from the meridian of A to that of B : in 
other words, by their difference of longitude, expressed 
in sidereal hours, minutes, and seconds. 

(209.) A pendulum clock cannot be thus taken up vA 
transported from place to place without derangement, but 
a chronometer may. Suppose, then, the observer at B 
to use a chronometer instead of a clock, he may, by bodily 
transfer of the instrument to the other station, procure a 
direct comparison of sidereal times, and thus obtain his 
longitude from A. And even if he employ a clock, yet 
by comparing it first with a good chronometer, and then 
transferring the latter instrument for comparison with the 
other clock, the same end will be accomplished, provided 
the going of the chronometer can be depended on. 

(210.) Were chronometers perfect, nothing more com- 
plete and convenient than this mode of ascertaining di^ 
ferences of longitude could be desired. An observer, 
provided witli such an instrument, and with a portable 
transit, or some equivalent method of determining the 
local time at any given station, might, by journeying 
from place to place, and observing the meridian passages 
of start at each (taking care not to alter his chronome* 
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ter, or let it run down), ascertain their differences of lon- 
gitude with any required precision. In this case, the 
same time-keeper heing used at erery station, if, at one 
of them, A, it mark true sidereal time, at any other, 6, 
tt will be just so much sidereal time in error as the dif- 
ference of longitudes of A and B is equivalent to : in 
other words, the longitude of B from A will appear as the 
error of the time-keeper oh the local time of B. If he 
travel westward, then his chronometer will appear con- 
dnually to gain, although it really goes correctly. Sup- 
pose, for instance, he set out from A, when the equinox 
was on the meridian, or his chronometer at 0*", and in 
twenty-four hours (sid. time) had travelled 15*^ westward 
to B. At the moment of arrival there, his chronometer 
will again point to 0** ; but the equinox will be, not on 
his new meridian, but on that of A, and he must wait 
one hour more for its arrival at that of B. When it 
does arrive there, then his watch will point not to 0*", but 
to 1^, and will therefore be I*' f(Ut on the local time of 
B. If he travel eastward, the reverse will happen. 

(211.) Suppose an observer now to set out from any 
station as above described, and constantly travelling 
westward to make the tour of the globe, and return 
to the point he set out from. A singular consequence 
will happen : he will have lost a day in his reckoning 
of time. He will enter the day of his arrival in his 
diary as Monday, for instance, when, in fact, it is Tues- 
day. The reason is obvious. Days and nights are 
caused by the alternate appearance of the sim and stars, 
as the rotation of the earth carries the spectator round 
to view them in succession. So many turns as he 
makes round the centre, so many days and nights will 
he experience. But if he travel once round the globe in 
the direction of its motion, he will, on his arrival, have 
really made one turn more round its centre ; and if in 
the opposite direction, one turn less than if he had re- 
mained stationary at one point of its surface : in the 
former case, then, he will have witnessed one alteration 
of day and night more, in the latter one less, than if he 
had trusted to the rotatioi) of the earth alone to carry 
hjm round. As the earth revolves from west to east, it 
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follows that a westward direction of his journey, by 
which lie counteracts its rotation, will cause him to lose 
a (lay, :iiid an eastward direction, by which he conspires 
with it, to gain one. In the former case, all his days 
will be longer ; in the latter, shorter than those of i 
stationary observer. This contingency has actually hap- 
pened to circumnavigators. Hence, adso, it must neces- 
sarily happen that distant settlements, on the same meri' 
dian, will differ a day in their usual reckoning of time, 
according as they have been colonized by settlers arriving 
in an eastward or in a westward direction, — a circnm- 
stimce which may produce strange confusion when they 
come to communicate with each other. The only mode 
of correcting the ambiguity, and settling the disputes 
which such a di (Terence may give rise to, consists in 
having recourse to the equinoctial date, which can never 
be ambiguous. 

(212.) Unfortunately for geography and navigation, 
the chronometer, though greatly and indeed wonderfully 
improved by the skill of modem artists, is yet far too 
imperfect an instrument to be relied on implicitly. How- 
ever such an instrument may preserve its uniformity of 
rate for a few hours, or even days, yet in long absences 
from home the chances of error and accident become so 
multiplied as to destroy all security of reliance on even 
the best. To a certain extent this may, indeed, be reme- 
died by carrying out several, and using them as cheeks 
on each other ; but, besides the expense and trouble, this 
is only a palliation of the evil — the great and funda- 
mental, — as it is the only one to which the determination 
of longitudes by time-keepers is liable. It becomes ne- 
cessary, therefore, to resort to other means of communi* 
eating from one station to another a knowledge of its 
local time, or of propagating from some principal station, 
as a centre, its local time as a universal standard with 
which the local time at any other, however situated, miy 
be at once compared, and thus the longitudes of all places 
be referred to the meridian of such central point, 

(213.) The simplest and most accurate method by 
which this object can be accomplished, when circum- 
stances admit of its adoption, is that by telegraphic signal. 
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XiCt A and B be two observatoriefl, or oilier stations, pro* 
Tided with accurate means of determining their respective 
heal times, and let us first suppose them visible from 
each other. Their clocks being regulated, and their errors 
and rates ascertained and applied, let a signal be made at 
A, of some sudden and definite kind, such as the flash 
of gunpowder, the explosion of a rocket, the suddeu ex« 
tiaction of a bright light, or any other which admits of 
no mistake, and can be seen at great distances. The 
moment of the signal being made must be noted by eocA 
observer at his respective clock or watch, as if it were 
the transit of a star, or any astronomical phenomenon, 
and the error and rate of the clock at each station being 
U)plied, the local time of the signal at each is determined. 
Consequently, when the observers communicate their 
observations of the signal to each other, since (owing to 
the almost instantaneous transmission of light) it must 
have been seen at the same absolute instant by both, the 
difference of their local times, and therefore of their 
longitudes, become^ known. For example ; at A the 
signal is observed to happen at 5^ 0" 0' sid. time at A, 
as obtained by applying the error and rate to the time 
shown by the clock at A, when the signal was seen there. 
At B the same signal was seen at 5^ 4*^ 0", sid. time at B, 
similarly deduced from the time noted by the clock at B, 
by applying its error and rate. Consequently, the differ- 
ence of their local epochs is 4" 0', which is also their differ- 
ence of longitudes in time, or 1° 0' 0" in hour angle. 

(214.) The accuracy of the final determination may 
be increased by making and observing several signals at 
Stated intervals, each of which affords a comparison of 
times, and the mean of all which is, of course, more to 
be depended on than the result of any single comparison. 
By this means, the error introduced by the comparison 
01 clocks nfay be regarded as altogether destroyed. 

(215.) The distances at which signals can be rendered 
visible must of course depend on the nature of the in- 
terposed country. Over sea the explosion of rockets 
may easily be seen at fifty or sixty miles ; and in moun- 
tainous countries the flash of gunpowder in an open 
spoon may be seen, if a proper station be chosen for its 
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cxliibition, at much greater distances. The interval be 
twpcii the stations of observation may also be increased 
by causing the signals to be made not at one- of them, 
but at an intermediate point ; for, provided they are seen 
by both parties, it is a matter of indifference where ther 
are exliibited. Still the interval which could be thus 
embraced would be very limited, and the method in cofl- 
sequence of little use, but for the following ingeniow 
contrivance, by which it can be extended to any distancfi 
and carried over any tract of country however difficult 
(216.) This contrivance consists in establishing, be- 
tweeen the extreme stations, whose difference of longi- 
tude is to be ascertained, and at which the local times 
are observed, a chain of intermediate stations, alternately 
destined for signals and for observers. Thus, let A and 
Z be the extreme stations. At B let a signal station be 
established, at which rockets, &c. are fired at stated in- 
tervals. At C let an observer be placed, provided with 
a chronometer ; at D, another signal station ; at £, an- 
other observer and chronometer ; and so on till the whde 
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line is occupied by stations so arranged, that the signals 
at B can be seen from A and C ; those at D, from C and 
E ; and so on. Matters being thus arranged, and the 
errors and rates of the clocks at A and Z ascertained by 
astronomical observation, let a signal be made at B, aw 
observed at A and C, and the times noted. Thus the 
difference between A's clock and C's chronometer be- 
comes known. After a short interval (five minutes for 
instance) let a signal be made at D, and observed by C 
and E. Then will the difference between their respec- 
tive chronometers be determined ; and the difference 
between the former and the clock at A being already as- 
certained, the difference between the clock A and chro- 
nometer E is therefore known. This, however, supposes 
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that the intermediate chronometer C has kept larue side-* 
real time, or at least a known rate, in the interval between 
the signals. Now this interval is purposely made sa 
very short, that no instrument of any pretension to cha- 
racter can possibly produce an appreciable amount of 
error in its lapse. Thus the time propagated from A to 
C may be considered as handed over, without gain or 
loss (save from error of observation), to E. Similarly, 
by the signal made at F, and observed at £ and Z, the 
time so transmitted to £ is forwarded on to Z ; and thus 
at length the clocks at A and Z are compared. The 
process may be repeated as often as is necessary to 
destroy error by a mean of results ; and when the line 
of stations is numerous, by keeping up a succession 
of signals, so as to allow each observer to note al- 
ternately those on either side, which is easily pre- 
arranged, many comparisons may be kept running along 
the line at once, by which time is saved, and other ad- 
vantages obtained.* In important cases the process is 
usually repeated on several nights in succession. 

(217.) In place of artificial signals, natural ones, when 
they occur sufficiently definite for observation, may be 
equally employed. In a clear night the number of those 
singular meteors, called shooting stars, which maybe 
observed, is usually very great ; and as they are sudden 
in their appearance and disappearance, and from the 
great height at which they have been ascertained to take 
place are visible over extensive regions of the earth's 
surface, there is no doubt that they may be resorted to 
with advantage, by previous concert and agreement be- 
tween distant observers to watch and note them.t 

(218.) Another species of natural signal, of still greater 
extent and universality (being visible at once over a whole 
terrestrial hemisphere), is alSbrded by the eclipses of 
Jupiter's satellites, of which we shall speak more at large 
when we come to treat of those bodies. £very such 
eclipse is an event which possesses one great advantage 

* For a complete account of this method, and the mode of deducing 
llie most advantageous result from a combination of all the observations, 
■ee a paper on the difierence of longitudes of Greenwich and Paris, PhiL 
Trans. 1826 ; by the author of this volume. 

I This idea Wm first suggested by the late.Dr.Maskelyne, 
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in it« ;ip]vi(*ability to the purpose in question, tIz. thit 
the tiii)<! of it8 )iappenin^, at any fixed station, such tf 
GnH»nwi('ii, can be ptedicted from a long course oi pre- 
vious rororded observation and calculation thereon foucd* 
cd, and that this prediction is sufficiently precise umI 
certain, to Ktand in the place of a corresponding ob8e^ 
vation. So that an observer at any other station whe^ 
ever, who shall have observed one or more of theie 
eclipses, and ascertained his local time, instead oi waiting 
for a comniunication with Greenwich, to inform him it 
what moment the eclipse took place there, may use the 
predicted Greenwich time instead, and thence, at once, 
and on the spot, determine his longitude. This mode 
of ascertaining longitudes is, however, as will hereafter 
appear, not susceptible of great exactness, and should 
only be resorted to when others cannot be had. The 
nature of the observation also is such that it cannot be 
made at soa ; so that, however useful to the geographci, 
it is of no advantatre to navigation. 

(210.) But sui'h phenomena as these are of only occa- 
sional occurrence ; and in their intervals, and when cutoff 
from all comniunication with any fixed station, it is indis- 
pensable to posses? some means of determining longi- 
tudes, on which not only the geographer may rely fors 
knowledge of the exact position of important stations on 
land in remote regions, but on which the navigator can 
securely stake, at every instant of his adventurous course, 
the lives of himself and comrades, the interests of his 
country, and the fortunes of his employers. Such a me- 
thod is afforded by Lunar Observations. Though we 
have not yet introduced the reader to the phenomena of 
the moon's motion, this will not prevent us from giving 
here the exposition of the principle of the lunar method; 
on the contrary, it will be highly advantageous to do so, 
since by this course we shall have to deal with the 
naked principle, apart from all the peculiar sources of 
difficulty with which the lunar theory is encumbered, 
but which are, in fact, completely extraneous to the 
principle of its application to the problem of the longi- 
tudes, which is quite elementary. 

(220.) If there were in the heavens a clock furnished 
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with a dial-plate and hands, which always m^ked 
Greenwich time, the longitude of any station would be 
at once determined, so soon as the local time was 
known, by comparing it with this clock. Now, the 
offices of the dial-plate and hands of a clock are these :-— 
the former carries a set of marks upon it, whose position 
is known ; the latter, by passing over and among these 
marks, informs us, by the place it holds with respect to 
them, what it is o'clock, or what time has elapsed since 
a certain moment when it stood at one particular spot. 

(221.) In a clock the marks on the dial-plate are uni- 
formly distributed all around the circumference of a cir- 
cle, whose centre is that on which the hands revolve with 
a uniform motion. But it is clear that we should, with 
equal certainty, though with much more trouble, tell 
what o'clock it were, if the marks on the dial-plate 
were unequally distributed,— if the hands were eccentric, 
and their motion not uniform, — provided we knew, 1st, 
the exact intervals round the circle at which the hour 
and minute marks were placed ; which would be the case 
if we had them all registered in a table, from the results 
of previous careful measurement: — 2dly, if we knew 
the exact amount and direction of eccentricity of the 
centre of motion of the hands ; — and, 3dly, if we were 
fully acquainted with all the mechanism which put the 
hands in motion, so as to be able to say at every instant 
what were their velocity of movement, and so as to be 
able to calculate, without fear of error, how much time 
should correspond to so much angular movement. 

(222.) The visible surface of the starry heavens is the 
dial-plate of our clock, the stars are the fixed marks dis- 
tributed around its circuit, the moon is the moveable 
hand, which, with a motion that, superficially consider- 
ed, seems uniform, but which, when carefully examined, 
is found to be far otherwise, and regulated by mechanical 
laws of astonishing complexity and intricacy in result, 
though' beautifully simple in principle and design, per- 
forms a montlily circuit among them, passing visibly 
over and hiding, or, as it is called, occulting, some, and 
gliding beside and between others ; and whose position 
among them can, at aay moment wbea it is visible, h« 
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pxnclly moasiircd by the help of a sextant, just asw 
niijrlit ni(':iHure the place of our clock-hand among the 
marks on its ilial-platc with a pair of compassej>, asii 
tliciK-r, tVoin tlic known and calculated laws of its mo- i 
tion, (Irilui'c the time. TJiat the moon does so more i 
aino/ii]^ the ttfars, while the latter hold constantly, with 
rcsiHM't tt) each other, the same relative position, the no- 
tice ol'a iiw ni<];ht«, or even honrs, will satisfy the com- 
nuMK'intr student, and this is all tliat at present we require. 

(223.) I'liere is only one circumstance wanting to 
make our analogy complete. Suppose the hands oi our 
clock, instead of moving quite close to the dial-plate, 
were considerably elevated above, or distant in front of 
it. Unless, then, in viewing it, we kept our eye just in | 
the line of their centre, we should not see them exactly I 
thrown or projected upon their proper places on the dial » 
And if we were either unaware of this cause of optical 
ehnn'je of place, this parallax — or negligent in not , 
tHkin<( it into account — we might make great mistakes 1 
in reading the time, by referring the hand to the wrong { 
mark, or incorrectly appreciating its distance from the 
ri«rht. On tlie other hand, if we took care to note, in 
every case, when we had occasion to observe the time, 
the exact position of the eye, there would be no difficult)' 
in ascertaining and allowing for the precise influence 
of this cause of apparent displacement. Now, this is 
just wliat obtains with the apparent motion of the moon 
anionir tlie stars. The former (as will appear) is com- 
paratively near to the earth — the latter immensely dis- 
tant; and in consequence of our not occupying the cen- 
tre of the earth, but being carried about on its surface, and 
constantly changing place, there arises a parallax^ which 
displaces tlie moon apparently among the stars, and must 
be allowed for before we can tell the true place she 
Would occupy if seen from the centre. 

(221.) Sucli a clock as we have described might, no 
doubt, be considered a very bad one ; but if it were our 
only one, antl if incalculable interests were at stake on 
a perfect knowledge of time, we should justly regard it 
as most precious, and think no pains ill bestowed in sta- 
dying the laws of its movements, or in facilitating (b» 
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means of reading it correctly. Such, in the parallel we 
are drawing, is the lunar theory, whose object is to 
reduce to regularity the indications of this strangely 
irregular-going clock, to enable us to predict, long before- 
band, and with absolutely certainty, whereabouts among 
■the stars, at every hour, minute, and second, in every 
day of every year, in Greenwich local time, the moon 
would be seen from the earth's centre, and will be seen 
•from every accessible point of its surface ; and such is 
the lunar method of longitudes. The moon's apparent 
angular distances from aU those principal and conspicu- 
ous stars which lie in its course, as seen from the earth's 
centre, are computed and tabulated with the utmost care 
and precision in almanacs published under national 
control. No sooner does an observer, in any part of 
the globe, at sea or on land, measure its actual distance 
from any one of those standard stars (whose places in 
the heavens have been ascertained for the purpose with 
the most anxious solicitude), than he has, in fact, per- 
formed that comparison of his local time with the local 
times of every observatory in the world, which enables 
him to ascertain his dijflference of longitude from one or 
all of them. 

(225.) The latitudes and longitudes of any number 
of points on the earth's surface may be ascertained by 
the methods above described ; and by thus laying down 
a sufficient number of principal points, and filling in the 
intermediate spaces by local surveys, might maps of 
counties be constructed, the outlines of continents and 
islands ascertained, the courses of rivers and mountain 
chains traced, and cities and towns referred to their pro- 
per localities. In practice, however, it is found simpler 
and easier to divide each particular nation into a series 
of great triangles, the angles of which are stations con- 
spicuously visible from each other. Of these triangles, 
the angles only are measured by means of the theO' 
dolite, with the exception of one side only of one trian* 
glcj which is called a base, and which is measured with 
every refinement which ingenuity can devise or expense 
command. This boie is of mode « A^tAat. Tarely sur- 
passing six or sen *n « 
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pprf(?ctly horizontal plane, otherwise conveniently adapt- 
ed lor purposes of monsureracnt. Its leng'lh between iw 
two extreme points (which are dots on plates ofgoUfii 
platina let into massive blocks of stone, and which are, 
or at least ou^ht to be, in all cases preserved with almost 
religions care, as monumental records of the highest ia* 
portance), is then measured, with every precaution to 
insure precision,* and its position with respect to the 
meridian, as well as the geographical positions of its ex- 
tremities, carefully ascertained. 

(226.) The annexed figure represents such a chain of 
triangles. AB is the base, O, C, stations visible fron 



i 




both its extremities (one of which, O, we will suppose 
to be a national observatory, with which it is a principal 
object that the base should be as closely and immedi- 
ately connected as possible) ; and D, E, F, G, H, Ki 
other stations, remarkable points in the county, by whose 
connexion its whole surface may be covered, as it were, 
with a network of triangles. Now, it is evident that tlie 
angles of the triangle A, B, C being obseived, and one 
of its sides, AB, measured, the other two sides, AC, BC, 
may be calculated by the rules of trigonometry ; and thus 
each of the sides AC and BC becomes in its turn a base 
capable of being employed as known sides of other tri- 
angles. For instance, the angles of the triangles ACQ 
and BCF being known by observation, and theii sides 
AC and BC, we can thence calculate the lengths AG, CG, 
and BF, CF. Again, CG and CF being known, and 
the included angle GCF, GF may be calculated, and so 

* The greatest possible error in the Irish base of between seven and 
eight miles, near Londonderry, is supposed not to exceed two inches. 
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on. Thus may all the stations be accurately detennined 
and laid down, and as this process may be carried on to 
any extent, a map of the whole county may be thus con- 
structed, and filled In to any degree of detail wfe please. 

(227.) Now, on this process there are two important 
remarks to be made. The first is, that it is necessary 
lo be careful in the selection of stations, so as to form 
triangles free from any very great inequality in their an- 
gles. For instance, the triangle KBF would be a very 
improper one to determine the situation of F from obser- 
vations at B and K, because the angle F being very acute, 
a small error in the angle K would produce a great one 
in the place of F upon the line £F, Such ill-conditioned 
triangles, therefore, must be avoided. But if this be at- 
tended to, the accuracy of the determination of the calcu- 
lated sides will not be much short of that which would 
be obtained by actual measurement (were it practicable) ; 
and, therefore, as we recede from the base on all sides 
as a centre, it will speedily become practicable to use as 
bases the sides of much larger triangles, such as GF, 
GH, HK, &c. ; by which means the next step of the 
operation will come to be carried on on a much larger 
scale, and embrace far greater intervals, than it would 
have been safe to do (for the above reason) in the imme- 
diate neighbourhood of the base. Thus it becomes easy 
to divide the whole face of a country into great trian^ 
gles of from 30 to 100 miles in their sides (according to 
the nature of the ground), which, being once well deter- 
mined, may be afterwards, by a second series of subordi- 
nate operations, broken up into smaller ones, and these 
again into others of a still minuter order, till the final fill- 
ing in is brought within the limits of personal purvey and 
draftsmanship, and till a map is constructed, with any 
required degree of detail. 

(228.) The next remark we have to make is, that all 
the triangles in question are not, rigorously speaking, 
plane, but spherical — existing on the surface of a sphere, 
or rather, to speak correctly, of an ellipsoid. In very 
sivall triangles, of six or seven miles in the side, this 
may be neglected, as the difiference is imperceptible ; but 
IQ the larger Ones it must be taken into consideration. 
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It is evident that, as every object used for pointing the 
telescope of 3 theodolite has some certain elevation, not 
only above the soiU but above the level of the sea^ and % 
moreover, these elevations differ in every instance, a re- 
duction to the horizon of all the measured angles would 
appear to be required. But, in fact, by the construction 
of tlie theodolite (art. 155), which is nothing more than 
an altitude and azimuth instrument, this r eduction is madt 
in the very act of reading off the horizontal angles. Let 

£ be the centre of the earth; 
^4, 6, C, the places on its sphe- 
rical surfacBf to which three 
stations, A, P, Q, in a country 
are referred by radii E, Ai 
EBP, ECQ. If a theodolite 
be stationed at A, the axis of its 
horizontal circle will point to £ 
when truly adjusted, and its 
plane will be a tangent to the 
sphere at A, intersecting the ra- 
dii EBP, ECQ, at M and N, 
above the spherical surface. 
The telescope of the theodolitei 
it is true, is pointed in succes- 
sion to P, and Q ; but the readings off of its azimuth 
circle give — not the angle PAQ between the directions 
of the telescope, or between the objects P, Q, as seen 
from A ; but the azimuthal angle MAN, which is the 
measure of the angle A of the spherical triangle BAC. 
Hence arises this remarkable circumstance, — that the sum 
of the three observed angles of any of the great triangles 
in geodesical operations is always found to be rather mort 
than 180° : were the earth's surface a plane, it ought to 
be exactly 180° ; and this excess y which is called the 
spherical excess, is so far from being a proof of incorrect- 
ness in the work, that it is essential to its accuracy, and 
offers at the same time another palpable proof of the 
earth's sphericity. 

(229.) The true way, then, of conceiving the subject 
of a trigonometrical survey, when the spherical form of 
the earth is taken into consideration, is to regard the net- 
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-work of triangles with which the country is covered, as 
the bases of an assemblage of pyramids converging to the 
centre of the earth. The theolodite gives us the true 
measures of the angles included by the planes of these 
pyramids ; and the surface of an imaginary sphere on 
the level of the sea intersects them in an assemblage of 
spherical triangles, above whose angles, in the radii pro- 
longed, the read stations of observation are raised, by the 
superficial inequalities of mountain and valley. The ope- 
rose calculations of spherical trigonometry which this 
Consideration would seem to render necessary for the re- 
ductions of a survey, are dispensed with in practice by a 
very simple and easy rule, called the rule for the spheri-- 
eal excess, which is to be found in most works on trigo- 
nometry.* If we would take into account the ellipticity 
of the earth, it may also be done by appropriate processes 
of calculation, which, however, are too abstruse to dwell 
upon in a work like the present. 

(230.) Whatever process of calculation we adopt, the 
result will be a reduction, to the level of the sea, of all the 
triangles, and the consequent determination of the geo- 
graphical latitude and longitude of every station observed. 
Thus we are at length enabled to construct maps of 
countries ; to lay down the outlines^ of continents and 
islands ; the courses of rivers ; the direction of mountain 
ridges, and tlie places of their principal summits ; and 
all those details which, as they belong to physical and 
statistical, rather than to astronomical geography, we 
need not here dilate on, A few words, however, will be 
necessary respecting maps, which are used as well in 
astronomy as in geography. 

(231.) A map is nothing more than a representation, 
upon a plane, of some portion of the surface of a sphere, 
on which are traced the particulars intended to be ex- 
pressed, whether they be continuous outlines or points. 
Now, as a spherical surfacet can by no contrivance 
be extended or projected into a plane, without undue 

♦ Lardaer's Trigonometry, prop. 94. Woodhouse's ditta P« 148, ls| 
editHKi. 

t We here iM^^leot the eUipticity of the earth, wh^^h, for such a pur. 
pote as map-makiug, is too trifliog to have any mMerial influ^CQ^ 
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enlargement or contraction of some parU in proporlioi 
to otiinrs ; and as the syslena adopted in so extending oi 
proji'cting il will decide tohal part shall be enlarged or 
relatively contracted, and in what proportions; itfullanf. 
lliai wiiBn large portions of the s^<here are to be mappeJ 
down, a great difference in their representations mar 
subsist, according to the Byatem of projection adopted. 
(232.) The projections chiefly used in maps are lbs 
orthographic, ulereographic, and Mercator't. In the 
OTihographie projection, every poinl of the hemisphere 
is referred to its diametral plane or base, by a perpendicular 
let fall on it, so tliat tlie representation of the hemispheit 
thus mapped on its base, is such 
as it would actually appear it 
a eye placed at an infinite dis- 
, tance from it. It is obvious, 
\ from the annexed figure, thai 
I this projection only ibe 
antral portions are represented 
of their true forms, while all the exterior is more and 
more distorted and crowded together as we approach the 
edges of the map. Owing to lliis cause, the orthogra- 
phic pnijeclion, though very good for small portions ol 
the globe, is of little service for large ones. 





(233.) The sUreographic projection is in great mea- 
sure free from thisdefect. To understand this projectioiii 
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extremity 



we must Conceive an eye to be placed at fi, 
or 3 diameter, ECB, of the sphere, and to 
concave surface of the ephere, every point of which, as 
P, is referred to the diametral plane ADF, perpendicular 
to EB by the visual line PME. The steret^raphic pro- 
jection of a sphere, then, is a true perspective represen- 
tation of its concavity on a diametral plane ; and, as 
■Dcli, it possesses some singularly elegant geometrical 
properties, of which we shall state one or two of the 
principal. 

(234.) And first, then, all circles on the sphere are re- 

5 resented by circles in the projection. Thus the circle 
! is projected into a;. Only great circles passing through 
the vertex B are projected into straight lines traversing 
the centre C : thus, BPA is projected into CA. 

8dly. Every very small triangle, OHK, on the sphere, 
is represented by a sitnilar triangle, gkk, in the projec- 
tion. This is a very valuable property, as it insures a 
general similarity of appearance in the map to the reality 
in all its parts, and enables us to project at least a hemi- 
sphere in a single map, without any violent distortion 
of the configurations on tfie snrfaee from their real forms. 
As in the orthographic projection, the borders of tho 
hemisphere are unduly crowded together; in the stereo- 
graphic, their projected dimensions are, on the contrary, 
somewhat enlarged in receding from the centre. 

(235.) Both these projections may be considered na- 
tural ones, inasmuch as they are really perspective re< 
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presentations of the surface on a plane. Mercator's is 
entirely an artificial one, representing the sphere as it 
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cannot be seen from any one point, but as it might be 
seen by an eye carried successively oTer everj' pari of it 
In it, tbc (luj|rrces of longitude^ and tliose of la/iiudi, 
bear always to each other their due proportion; the 
equator in conceived to be extended out into a straight 
lino, and the meridians are straight lines at right angles 
to it, as in the figure. Altogether, the general character 
of maps on this projection is not very dissimilar to 
wliat would be produced by referring every point in the 
globe to a circumscribing cylinder, by lines drawn from 
the centre, and then unrolling the cylinder into a plane, 
Like the stcreographic projection, it gives a true repre- 
sentation, as io form, of every particular small part, hot 
varies ^r^^atly in point of scale in its different regions; 
the polar portions in particular being extravagantly en- 
larged ; and the whole map, even of a single hemispnerei 
not heinff comprizable within any finite limits. 

(2M),) We shall not, of course, enter here into any 
geo^rapi.iral details ; but one result of maritime discovery 
on the great scale is, so to speak, inassive enough to call 
for mention as an astronomical feature. AVhen the con- 
tinents <ind seas arc laid down on a globe (and since the 
discovery of Australia we are sure that no very extensive 
tracts of land remain unknown, except perhaps at the 
south pole), we fmd that it is possible so to divide the 
globe into two hemispheres, that one shall contain nearly 
all the land ; tlie other being almost entirely sea. It is 
a fact, not a little interesting to Englishmen, and, com- 
bined with our insular station in that great highway of 
nations, the Atlantic, not a little explanatory of our com- 
mercial eminence, that London occupies nearly the centre 
of the terrestrial hemisphere. Astronomically speakingi 
the fact of this divisibility of the globe into an oceanic 
and a terrestrial hemisphere is important, as demonstra- 
tive of a want of absolute equality in the density of the 
solid material of the two hemispheres. Considering the 
whole mass of land and water as in a state of equilir 
brium^ it is evident that the half which protrudes must 
of necessity be btioyant : not, of course, that we mean 
to assert it to be lighter than water, but, as compared 
with the whole globe, in a less degree heavier than 
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that fluid. We leave to geologists to draw from these 
premises their own conclusions, (and we think them ob- 
vious enough) as to the internal constitution of the globe, 
and the immediate nature of the forces which sustain its 
continents at their actual elevation ; but in any future 
investigations which may have for their object to explain 
the local deviations of the intensity of gravity, from 
what the hypothesis of an exact elliptic figure would 
require, this, as a general fact, ought not to be lost sight of. 

(237.) Our knowledge of the surface of our globe is 
incomplete, unless it include the heights above the sea 
level of every part of the land, and the depression of the 
bed of the ocean below the surface over all its extent. 
The latter object is attainable (with whatever difficulty 
and however slowly) by direct sounding; the former by 
two distinct methods : the one consisting in trigonome- 
trical measurement of the differences of level of all the 
stations of a survey ; the other, by the use of the baro- 
meter, the principle of which is, in fact, identical with 
that of the sounding line. In both cases we measure the 
distance of the point whose level we would know from 
the surface of an equilibrated ocean: only in the one 
case it is an ocean of water ; in the other, of air. In 
the one case our sounding line is real and tangible ; in 
the other, an imaginary one, measured by the length of 
the column of quicksilver the superincumbent air is ca- 
pable of counterbalancing. 

(238.) Suppose that instead of air, the earth and 
ocean were covered with oil, and that human life could 
subsist under such circumstances. Let ABODE be a 




continent, of which the portion ABO projects above the 
water, but is covered by the oil, which also^ floats at an 
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unifoTtn ilirptb oH (hft irliolo cw-eaii. Then if we irmM 
kiinw iliL- atuih of any point D below ibi^ wa IpvpI, »s 
ki down a pluniiTirl Trow P. Bnl if we would fannir ^i 
hfig-lil of B sbove the name \evei, we finrc (mlj* to swtil 
up u lliist ffom B 10 tlie suifitcc of thti oil j anJ Aovtn; 
dnitf- the tatnf al C,a point at the tea /eve/, the ilijerfiti 
of the iwoJhtU flmi gives the height in &ue»tion. 

(830.) Now, tlioufili tlie ntmcMpben! dificra from oil 
in not linTing a nostive atafact >cqRBlty definite, a.ai in 
not bt:in); cnjialile of cairying no ttny float adequate w 
Micli ii iwe, yei it posscspes aJl tee properties of a finiJ 
fi'ally easeiiiial lo iJif! pjirpofc in view, and ihia in psr- 
tii-iiliir; that, over the wbola aurfoce of ifie globe, in 
tlrnta nf equal datnt^ are paraUal to the surface of eqw 
lihrium, nt to what would be the Harfaee of the sea. if 
prohnged under the tonlinailB, and therefore esrb of 
any of thpin has all the charactera of ■ deHnite surfacF lo 
nieaaiirp from, providetl it can Ii* aaeertainecf and idpnti' 
tied. Now the height at ifhidh, at any station B, llW 
mercury in a barometer is supported, inform* at ■( 
oitcc how much of the almDEphere ie ioainibt'nl oa 9) 
or, in other words, in what tlralum of the gennsi «■ 
mosphere (indicated by its density) B in situalfd: 
whence we are enabled finally to condude, by mfchanl- 
cal reasoning," at what height above the spa level /Afll 
degree of density is to he foond over the whole jurfa" 
ofthe globe. Such is the principle of the application iif 
the barometer lo the measiirenienl of heights. For de- 
lailK, liie reader ia referred to other worits.f 

(240.) Possessed of a knowledge of the heights of 
stations above the sea, we may connect all atalions at ^ 
same altitude by level lines, the lowest of which wi|I bfe 
the outline of the sea-coast; and the rest will markwit 
the succeaaive coast-lines which ivould take place WM 
the sea to rise by regular and equal ascensions of IrfSF 
over the whole world, till the highest mountains iriff 
submerged. The bottoms of valleys and the ridge-UlM 

• Soo Cab. Cypl PSHDl 



..,-..lue, vol. 3. FurlBblet, esB ihp worii of B 

fitiHl. Also ifaose arOluneiui, onnoollT piiWinhed tiy ihe French hM 
ol loneitudei is Uurir AimmuFB ! and Mr. Bady'i Coltoction .>r AsUoi 
micul Tables u)d FormulK. 
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of hills are determined by their property of intersecting 
all these level lines at right angles, and being, subject to 
that condition, the shortest and longest courses respec- 
tively which can be pursued from the summit to the sea. 
The former constitute the water-courses of a country ; 
the latter divide it into drainage basins : and thus origi- 
nate natural districts of the most ineffaceable character, 
on which the distribution, limits, and pe^iarities of hu- 
man communities are in great meaiore dependent. 



CHAPTER IV. 

OF URANOORAPHT. 

Construction of celestial Maps and Globes by Observations of rigbt As- 
cension and Declination— Celestial Objects distinguished into fixed 
and erratic — Of' the C(Histellatioi»— Natural Regions in the Heavens 
—The Milky Way— The Zodiac~Of the Ecliptic— Celestial Latitudes 
and Longitudes — Precession of the Equinoxes — Nutation — Aberration 
— ^Uranographical Problems. 

(241.) The determination of the relative situations of 
objects in the heavens, and the construction of maps and 
globes which shall truly represent their mutual configu- 
rations, as well as of catalogues which shall preserve a 
more precise numerical record of the position of each, is 
a task at once simpler and less laborious than that by 
which the surface of the earth is mapped and measured. 
Every star in the great constellation which appears to 
revolve above us, constitutes, so to speak, a celestial sta- 
tion ; and among these stations we may, as upon the 
earth, triangulate, by measuring with proper instruments 
their angular distances from each other, which, cleared 
of the effect of refraction, are then in a state for laying 
down on charts, as we would the towns and villages of a 
country ; and this without moving from our place, at least 
for all the stars which rise above our horizon. 

(242.) Great exactness might, no doubt, be attained 
by this means, and excellent celestial charts constructed ; 
but tliere is a far simpler and easier, and, at tlie same 
time, infinitely more accurate course laid open to us, if 
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we take advantage of the earth's rotation on its axis, and 
by observing each celestial object as it passes our meri- 
dian, refer it separately and independently to the celes- 
tial equator, and thus ascertain its place on the surface 
of an imaginary sphere, which may be conceived to re- 
volve with it, and on which it may be considered as pro- 
jected. 

(243.) The right ascension and declination of a point 
in the heavens cOfteBpond to the longitude and latitude 
of a station on the earth ; and the place of a star on,a 
celestial sphere is determined, when the former elements 
are known, just as that of a town on a map, by knowing 
the latter. The great advantages which the method of 
meridian observation possesses over that of triangul&- 
tion from star to star, are, then, Ist, that in it every star 
is observed in that point of its diurnal course j when it is 
best seen and least displaced by rejfraction. 2d]y, that 
the instruments required (the transit and mural circle) 
are the simplest and least liable to error or derangement 
of any used by astronomers. 3dly, that all the observa- 
tions can be made systematically, in regular succession, 
and with equal advantages ; there being here no ques- 
tion about advantageous or disadvantageous triangleSr 
&c. And, lastly, that, by adopting this course, the very 
quantities which we should otherwise have to calculate 
by long and tedious operations of spherical trigonometry, 
and which are essential to the formation of a catalogue, 
are made the objects of immediate measurement It u 
almost needless to state, then, that this is the course 
adopted by astronomers. 

(244.) To determine the right ascension of a celestiid 
object, all that is necessary is to observe the moment of 
its meridian passage with a transit instrument, by a clock 
regulated to exact sidereal time, or reduced to such by ap- 
plying its known error and rate. The rate may be- ob- 
tained by repeated observations of the same star at its 
successive meridian passages. The error, however, re- 
quires a knowledge of the equinox, or initial point from 
wliich all riglit ascensions in the heavens reckon, as lon- 
gitudes do on the earth from a first meridian. 

(245. ") The nature of this point will be explained pre 
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sently ; but far the purposes of uranography, in so far as 
they concern only the actual configurations of the stars 
inter se, a knowledge of the equinox is not necessary. 
The choice of the equinox, as a zpro point of right as- 
censions, is purely artificial, and a matter of convenience : 
but as on the earth, any station (as a national observa- 
tory) may be chosen for an origin of longitudes ; so in 
uranography, any conspicuous star may be selected as an 
initial point from which hour angles may be reckoned, 
and from which, by merely obsenring differences or in- 
t£rval9 of time, the situation of all others may be de- 
duced. In practice, these intervals are affected by cer- 
tain minute causes of inequality, which must be allowed 
for, and which will be explained in their proper places. 

(246.) The declinations of celestial objects are ob- 
tained, 1st, By observation of their meridian altitudes^ 
with the mural circle or other proper instruments. This 
requires a knowledge of the geographical latitude of the 
station of observation, which itself is only to be obtained 
by celestial observation. 2dly, And more directly by ob- 
servation of their polar distances on the mural circle, 
as explained in art. 136, which is independent of any 
previous determination of the latitude of the station ; 
neither, however, in this case, does observation give 
directly and immediately the exact declinations. The 
observations require to be corrected, first for refraction, 
and moreover for those minute causes of inequality which 
have been just alluded to in the case of right ascensions. 

(247.) In this manner, then, may the places, one 
among the other, of all celestial objects be ascertained, 
and maps and globes constructed. Now here arises a 
very important question. How far are these places per- 
manent? Do these stars and the greater luminaries of 
heaven preserve for ever one invariable connexion and 
relation of place inter «c, as if they formed part of a 
solid though invisible firmament; and, like the great 
Ratoral landmarks on the earth, preserve immutably the 
same distances and bearings each from the other ? If so, 
the most rational idea we could form of the universe 
would be that of an earth at absolute rest in the centre, 
and a hollow erystallina sphere circulating round it, and 
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carryinjt sun, moon, and stars along in its diurnal mo 
tion. If not, we must dismiss ail such notions, and 
iuiiuirc individually into the distinct history of each ob- 
jrct, with a view to discovering the laws of its peculiar 
motions, and whether any and what other connexion 
subsists botween tlicm. 

(2 i8.) So far is tbis, however, from being* the case, 
tliat observation, even of the most cursory nature, arc 
suilicicnt to show that some, at least, of the celestial 
bodies, and those the most conspicuous, arc in a state 
of continual change of place among the rest. In the 
case; of tfic moon, indeed, the change is 'so rapid and re- 
markable, that its alteration of situation with respect to 
siu'li bright stars as may happen to be near it, may be 
noticed any fine night in a few hours ; and if noticed on 
two successive nights, cannot fail to strike the most care- 
less ol)scrver. With the sun, too, the change of place 
anion*^ the stars is constant and rapid ; though, from tlie 
invisibility of stars to the naked eye in the day-time, it 
is not so readily recognised, and requires either tlie use 
of teh^scopes and angular instruments to measure it, or 
a longer continuance of observation to be struck with it. 
Nevertheless, it is only necessary to call to mind it« 
greater meridian altitude in summer than in winter, and 
the fact that the stars which come into view at night 
vary with the season of the year, to perceive that a great 
change must have taken place in that interval in its re- 
lative situation with respect to all the stars. Besides the 
sun and moon, too, there are several other bodies, called 
planets, which, for the most part, appear to the naked 
eye only as the largest and most brilliant stars, and which 
offer the same phenomenon of a constant change of place 
among the stars ; now approaching, and now receding 
from, such of them as we may refer them to as marks ; 
and, some in longer, some in shorter periods, making, 
like the sun and moon, the complete tour of the heavens. 

(249.) These, however, are exceptions to the general 
rule. The innumerable multitude of the stars which are 
distributed over the vault of the heavens form a constel- 
lation, which preserves, not only to the eye of the casual 
observer, but to the nice examination of the astronomery 
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k uiiifbrftiity Of ^p'6dl ithich, when edhiir2i:^t6d with 
th^ perpetual ohadg« in the 6dnfi^i«lion« of the miti, 
moori^ ^d pknetd, may well be tenned itivariable. 
It is not, indeed, thkty by the tefinement of exact mea- 
inirenlentls ptt)]^eciit6d from age to age, some small 
ehanges of appak'ent plaee^ attributable tb no illusion 
tod to no terrMrial eanse, cannot be detected in some 
of them;— ench are called, in dstfotiOmy, the proper 
fkotions of the stard ;<>— but these a^ so excessively slow, 
that their accumulated amount (etett in those stars for 
which they are greater) has beeA insufficient, in the 
whole duration of i^tfonomical history, to produce any 
db^ous or material alteration in the appearance of the 
stbrry heftvens^ 

(250.) This circumstance, then, establishes a broad 
distinction of the heavenly bodies into two great classes ; 
•'--the fited, among whic^ (unless in a course of obser- 
tatioils cotitinned for many years) no change of mutual 
situation csm be detected ; atid the erratic, or waiidering 
--»^ which is implied in the word planet*)— including the 
Hun, moon, and planets, as well aii the singular class of 
bodies termed cottletB, in whose apparent places among 
the stard, and among each other, the observation of a few 
days, or even hotifS) til sufficient to exhibit an indisputa- 
ble alteration. 

(S61.) Ur^amotrfiil^hy, then, ds it Concerns the fixed 
eelestial bodies (or, as Uiey are tisttally called, the Jixed 
9tur8)^ is teduced to a simple marking down of their re- 
lative placed on a globe or on mtipS ; to the insertion on 
that globe, in its due place in the great constellation of 
the stars, of the pole of the heavens, or the vanishing 
point of pardlels to the earth^s axis ; and of the equa^ 
tor and place of the equiiiox : points and circles these, 
which though arfificial, atid having reference entirely to 
our earth, and therefore subject to all changes (if any) to 
which the earth's axis may be liable, are yet so con- 
venient in practice, that they have obtained an admission 
(with some other circles and lines), sanctioned by usage, 
in all globes and planispheres. The reader, however, 
will take care to keep them separate in his mind, and to 

* nx»vi|Tiif»s wanderer. 
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familiarize himself with the idea rather of two or more 
celestial globes, superposed and fitting on each other, on 
one of which — a real one — are inscribed the stars ; on 
the others those imaginary points, lines, and circles 
which astronomers have devised for their own uses, and 
to aid their calculations ; and to accustom himself to 
conceive in the latter, or artificial, spheres a capability 
of being shifted in any manner upon the surface of tlw 
other ; so that, should experience demonstrate (as it 
does) that these artificial points and lines are brought, 
by a slow motion of the earth's axis, or by other secular 
variations (as they are called), to coincide, at very dis- 
tant intervals of time, with difierent stars, he may not 
be unprepared for the change, and have no confusion to 
correct in his notions. 

(252.) Of course we do not here speak of those un- 
couth figures and outlines of men and monsters, which 
are usually scribbled over celestial globes and maps, and 
serve, in a rude and barbarous way, to enable us to talk 
of groups of stars, or districts in the heavens, by names 
which, though absurd or puerile in their origin, have 
obtained a currency from which it would be difficult, 
and perhaps wrong, to dislodge them. In so far as they 
have really (as some have) any slight resemblance to the 
figures called up in imagination by a view of the more 
splendid ** constellations," they have a certain conve- 
nience ; but as they are otherwise entirely arbitrary, and 
correspond to no natural subdivisions or groupings of 
the stars, astronomers treat them lightly, or altogether 
disregard them,* except for briefly naming remarkaUfl 
stars, as a Leonis, j3 Scorpii, &c. &c., by letters of the 
Greek alphabet attached to them. The reader will find 
them on any celestial charts or globes, and may compare 
them with the heavens, and there learn for himself their 
position. 

* Thia disresard is neither supercilious nor causeless. The rMrtirl'*- 
dons seem to have been almost purposely named and delineated to oaoM 
as much confusion and inconvenience as possible. Innumerable snakiM 
twine through long and contorted areas of the heavens, where no ma- 
mory can follow tliera ; bears, lions and fishes, large and sroyall, northern 
and southern, confuse all nomenclature, &c. A oetter system of ood* 
atellations might have been a material help as an arti/iciat memory. 
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(253.) There are not wanting, however, natural dis- 
tricts in the heavens, which oflTer great peculiarities of 
character, and strike every observer: such is the milky 
way, that great luminous band, which stretches, every 
evening, all across the sky, from horizon to horizon, 
and which, when traced with diligence, and mapped 
down, is found to form a zone completely encircling the 
whole sphere, almost in a great circle, which is neither 
an hour circle, nor coincident with any other of our 
astronomical grammata. It is divided in one part of its 
course, sending off a kind of/ branch, which unites again 
with the main body, after remaining distinct for about 
150 degrees. This remarkable belt has maintained, 
from the earliest ages, the same relative situation among 
the stars ; and, when examined through powerful tele- 
scopes, is found (wonderful to relate !) to consist entirely 
of stars scattered by millions, like glittering dust, on 
the black ground of the general heavens. 

(254.) Another remarkable region in the heavens is 
the zodiac, not from any thing peculiar in its own con- 
stitution, but from its being the area within which the 
apparent motions of the sun, moon, and all the greater 
planets are confined. To trace the path of any one of these, 
it is only necessary to ascertain, by continued observa- 
tion, its places at successive epochs, and entering these 
upon our map or sphere in sufficient number to form a 
series, not too far disjoined, to connect them by lines 
from point to point, as we mark out the course of a ves- 
sel at sea by mapping down its place from day to day. 
Now when this is done, it is found, first, that the appa- 
rent path, or track, of the sun on the surface of the hea^ 
vcns, is no other than an exact great circle of the sphere 
which is called the ecliptic, and which is inclined to the 
equinoctial at an angle of about 23° 28', intersecting it at 
two opposite points, called the equinoctial points, or 
equinoxes, and which are distinguished from each otlicr 
by the epithets vernal and autumnal ; the vernal being 
that at which the sun crosses the equinoctial from south 
to north ; the autumnal, when it quits the northern and 
enters the southern hemisphere. Secondly, that the 
moon and all the planets pursue paths which, in like 
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manner, encircle the whole heaveiu, but are not, like 
that of the sun, great circles exactly returning into them- 
selves and bisecting the sphere, but rather spiral curvet 
of much complexity, and described with very unequal 
velocities in their different parts. They have all, how- 
ever, this in common, that the general direction of their 
motions is the same with that of the bud, viz. from v>ai 
to east, that is to say, tlie contrary to that ii| which both 
tliey and the stars appear to be carried by the diurnal 
motion of the heavens ; and, mcNreover, that they never 
deviate far from the ecliptic on either side, crossing and 
recrossing it at regular and equal iutervals of time, and 
confining themselves within a 9one, or belt (the zodiat 
already spoken of), extending 9*^ on either side of Ae 
ecliptic. 

(255.) It would manifestly be useless to Qisip down on 
globes or charts the apparent paths of any of those bodies 
which never retrace the same course, and which, there- 
fore, demonstrably, must occupy at some one moment 
or other of their history, every point iB the area of that 
zone of the heavens within which they are circum- 
scribed. The apparent complicaticm of their aioTements 
arises (that of the moon excepted) from our riewinff 
them from a station which is itself in moticm^ and woula 
disappear, could we shift our point of view and obsenre 
them from the sun. On the other hand, the apparent 
motion of the sun is presented to us under its least in- 
volved form, and is studied, from the station we occupy, 
to the greatest advantage. So that, independent of the 
importance of that luminary to us in other respects, it is 
by the investigation of the laws of its motions in the first 
instance that we must rise to a knowledge of these of all 
the other bodies of our system. 

(250.) The ecliptic, which is its apparent path among 
the stars, is traversed by it in the period called the eid^' 
real year, which consists of 365** 6^ 9™ 9^-6, reckoned 
in mean sc^ar time, or 366*^ 6^ 9™ 9^*6, reckoned in si- 
dereal time. The reason of this difference (and it is thia 
which constitutes tlie origin of the difference t>etween 
solar and sidereal time) is, that as the sun's apparent 
annual motion among the stars is performed in a C09« 
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trary direction to the apparent diurnal motion of both 
sun and stars, it comes to the same thing as if the diur- 
nal motion of the sun were so much slower than that of 
the stars, or as if the sun lagged behind tliem in its 
daily course. Where this has gone on for a whole year, 
the sun will have fallen behind the stars by^ a whole 
drcumference of the heavens^^or, in other words-^— in a 
year, the sun will have made fewer diurnal revolutions, 
by one, than the stars. So that the same interval of time 
which is measured by 366'' 6^, ^. of sidereal tin>e, if 
reckoned in mean solar days, hoursL, ^c. will be called 
366* 6**, &c. Thus, then, is the proportion between 
the mean solar and sidereal day established, which, 
reduced inta a decimal fraction, is that of 1*00273791 to 
1. The measurement of time by these different stand- 
ards may be compared to that of space by the standard 
feet, or ells of two different nations ; the proportion of 
which, once settled, can never become a source of error. 

(257.) The position of the ecliptic among the stars 
may, for our present purpose, be regarded as invariable. 
It is true that this is not strictly the case ; and on com- 
paring together its position at present ^th that which 
it held at the most distant epoch at which we possess 
observations, we find evidences of a small change, which 
theory accounts for, and whose nature will be hereafter 
explained ; but that change is so excessively slow, that 
for a great many successive years, or even for whole 
centuries, this circle may be regarded as holding the 
same position in the sidereal, heavens. 

(258.) The poles of the ecliptic^ like those of any 
other great circle of the sphere, are opposite points on 
its surface, equidistant from the ecliptic in every direc- 
tion. They are of course not coincident with those of 
the equinoctial, but removed from it by an angular in- 
terval equal to the inclination of the ecliptic to the equi- 
noctial (23° 28'), which is called the obliquity of the 
ecliptic. In the annexed figure, if Pp represent me north 
and south poles (by which, when used without qualifi- 
cation we always mean the poles of the equinoctial), 
and EQAV the equinoctial, VSAW tfie ecliptic, and Ka, 
its poles — ^the spherical angle QVS is the obliquity of the 
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eritptic, and is equal in angular meBBure to FK or 8Q> 
ir we HuppoBC the sun's apparent motion to be in tin 
(liruciion VSAW, V will be the vemaJ and A the m- 
tumnal equinox. S and W, the two pointa at wbiek 
tlie ecliplic is moat distant from the equinoctial, in 
termed solstices, because, when nrired there, the m 
ceases to recede from the equator, and (in tba.t kok, b> 
far as its motion in declination ia concamedj to itud 
still in the heavens. S, the point where the aan baa tlia 
greatest northern declination, is called the summer lot 
stice, and W, that where it is farthest south, the Kinttr. 
These epithets obviously have their ori^n in the depend- 
ence of the seasons on tlie sun's declination, which irill 
be explained in the nest chapter. The circle £KPQ;^ 
which passes ill rough the poles of the ecliptic and equinoe- 
tial, is called the solstitial eolure; and a meridian dnTB 
through the equinoxes, PVpA, the equinoctial colore. 

(25t).) Since the ecliptic holds a determinate ntualioB 
in the starry heavens, it may be employed, like the equi- 
noctial, to refer the positions of the Btara to, by eirdei 
drawn through them from its poles, and therefore pe^ 
pendicular to it. Such circles are lenned, in astronamy, 
circles of latitude — tlie distance of a star from the ecUp- 
tic, reckoned on the eircle of latitude passing through it, 
is called the latitude of the stars — and the uc of tba 
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■cLpUc intercepted between the vernal equinox and iVu 
circle, its longitude. In the figure X is a star, PXH » 
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circle of declination drawn through it, by which it is 
referred to the equinoctial, and KXT a circle of latitude 
referring it to the ecliptic— then, as VR is the right 
ascension, and RX the declination, of X, so also is YT 
its longitude, and TX its latitude. The use of the terms 
longitude and latitude, in this sense, seems to have ori- 
ginated in considering the ecliptic as forming a kind of 
natural equator to the heavens, as the terrestrial equator 
does to the earth — the former holding an invariable po- 
sition with respect to the stars, as the latter does with 
respect to stations on the earth's surface. The force of 
this observation will presently become apparent. 

(260.) Knowing the right ascension and declination of 
an object, we may find its longitude and latitude, and vice 
versa. This is a problem of great use in physical astro- 
nomy. The following is its solution : In our last figure, 
EKPQ, the solstitial colure is of course 90° distant 
from V, the vernal equinox, which is one of its poles-— 
so that VR (the right ascension) being given, and also 
VE, the arc ER, and its measure, the spherical angle 
EPR, or KPX, is known. In the spherical triangle 
KPX, then we have given, Ist, The side P K, which, 
being the distance of the poles of the ecliptic and equi- 
noctial, is equal to the obliquity of the ecliptic ; 2d, The 
side PX, the polar distance, or the complement of the 
declination RX ; and 3d, the included angle KPX ; and 
therefore, by spherical trigonometry, it is easy to find the 
other side KX, and the remaining angles. Now KX is 
the complement of the required latitude XT, and the 
angle PKX being known, and PKV being a right 
angle (because SV is 90°), the angle XKV becomes 
known. Now this is no other than the measure of the 
longitude VT of the object. The inverse problem is 
resolved by the same triangle, and by a process exactly 
similar. 

(261.) The same course of observations by which the 
path of the sun among the fixed stars is traced, and the 
ecliptic marked out among them, determines, of course, 
the place of the equinox V upon the starry spl 3, at 
that time — a point of great importance in pr ieai ai 
nomy, as it is the origin or zero point of a i 
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Now, when this process is repeated at considerably dis- 
tant iiitf^rvals of time, a very remarkable phenomenon ii 
ol)serveil ; viz. that the equinox does not preserve a con- 
stant |)!a<*e acnonij the stars, but shit'ts its position, travel- 
ling eontinnally and regularly, althoug-h with extreme 
slowness, backwards^ along the ecliptic, in the direciiou 
V W from east to west, or the contrary to that in which the 
sun aj)pears to move in that circle. The equinoctial point 
thus moving, as it were, to meet the sun in his apparent an- 
nual round, the sun arrives at the equinoctial point sooner; 
that is, the time of the equinox happens sooner than 
it wouUl otherwise do: hence tlie recension of the cqui- 
iioctiul point causes d preceission in the time of the equinoi. 
The amount of this motion by which t)io equinox travels 
backward, or ri^trogrades (as it is called), on the ecliptic, 
is 0° 0' 50"' 10 per anmim, an extremely minute quan- 
tity, hut which, by its continual accumulation from year 
to year, at last makes itself very palpable, and that in a 
way highly inconvi^nicnt to i)ractical astronomers, by 
destroying, in the hipse of a moderate number of years, 
the arrangement of their catalogues of stars, and making 
it necessary to reconstruct them. Since the formaUon 
of the earliest catalogue on record, the place of the equi- 
nox has retrograded already about 30°. The period in 
which it performs a complete tour of the ecliptic, is 
25,808 years. 

(2()2.) The immediate uranographical effect of the 
precession of the equinoxes is to produce a uniform iV 
crease of longitude in all the heavenly bodies, whether 
fixed or erratic. For the vernal equinox being the initial 
point of longitudes, as well as of right ascension, a re- 
treat of this point on the ecliptic fells upon the longi* 
tudes of all alike, whether at rest or in motion, and pro- 
duces, so far as its amount extends, the appearance of a 
motion in longitude common to all, as if the whole hea- 
vens had a slow rotation round the poles of the ecliptic 
in the long period above mentioned, similar to what they 
have in twenty-four hours round those of the equinoctial. 

(263.) To form a just idea of this curious astronomi- 
cal phenomenon, however, we must abandon, for a time, 
the sonsideration of the ecliptic, as tending to produce 



CHAP. IT.J PRECESSION OF THE EQUINOXES. 163 

confusion in our ideas ; for this reason, that the stability 
of the ecliptic itself among the stars is (as already hinted, 
art. 257) only approximate, and that in consequence its 
intersection with the equinoctial is liable to a certain 
amount of change, arising from its fluctuation, which 
mixes itself with what is due to the principal uranogra- 
phical cause of the phenomenon. This cause will be- 
come at once ap^-arent, if, instead of regarding the equi- 
nox, we fix our attention on the pole of the equinoc- 
tial, or the vanishing point of the earth's axis. 

(264.) The place of this point among the stars is easily 
determined, at any epoch, by the most direct of all astro- 
nomical observations, — those with the mural circle. By 
this instrument we are enabled to ascertain at every mo- 
ment the exact distance of the polar point from any 
three or more stars, and therefore to lay it down, by 
triangulating from these stars, with unerring precision, 
on a chart or globe, without the least reference to the 
position of the ecliptic, or to any other circle not natu- 
rally connected with it. Now, when this is done with 
proper diligence and exactness, it results that, althougli 
for short intervals of time, such as a few days, the place 
of the pole may be regarded as not sensibly variable, yet 
in reality it is in a state of constant, although extremely 
slow motion ; and, what is still more remarkable, this 
motion is not uniform, but compounded of one principal, 
uniform, or nearly uniform, part, and other smaller and 
subordinate periodical fluctuations : the former giving 
rise to the phenomena of /?rccc»«ton; the latter to another 
distinct phenomenon called nutation. These two phe- 
nomena, it is true, belong, theoretically speaking, to one 
and the same general head, and are intimately connected 
together, forming part of a great and complicated chain 
of consequences flowing from the earth's rotation on its 
axis : but it will be of advantage to present clearness to 
consider them separately. 

(265.) It is found, then, that in virtue of the uniform 
part of the motion of the pole, it describes a circle in the 
heavens around the pole of the < iptk as a centre, keep- 
ing constantly at the same < " ^ 
m a direction firom east towi 
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that the annual angle described by it, in this its imaginarj 
orbit, is 50"' 10; so that the whole circle would be de- 
scribed by it in the above-mentioned period of 25,868 
years. It is easy to perceive how such a motion of the 
pole will give rise to the retrograde motion of the equi- 
noxes ; for in the figure, art. 259, suppose the pole P in 
the progress of its motion in the small circle POZ round 
K to come to O, then, as the situation of the equinoctial 
EVQ is determined by tliat of the pole, this, it is evi- 
dent, must cause a displacement of the equinoctial, which 
will take a new situation, £UQ, 90° distant in every 
part from the new position O of the pole. The point U, 
therefore, in which the displaced equinoctial will inte^ 
sect the ecliptic, i, e. the displaced equinox, will lie on 
that side of V, its original position, towards which the 
motion of the pole is directed, or to the i;^estward. 

(266.) The precession of the equinoxes thus conceived, 
consists, then, in a real but very slow motion of the pole 
of the heavens among the stars, in a small circle round 
the pole of the ecliptic. Now this cannot happen with- 
out producing corresponding changes in the apparent 
diurnal motion of the sphere, and Uie aspect which the 
heavens nmst present at very remote periods of history. 
The pole is nothing more than the vanishing point of the 
earth^s axis. As this point, then, has such a motion as 
described, it necessarily follows that the earth's axis must 
have a conical motion, in virtue of which it points suc- 
cessively to every part of the small circle in question. 
We may form the best idea of such a motion by noticing 
a child's peg-top, when it spins not upright, or 5iat amus- 
ing toy the te-to-tum, which, when delicately executed, 
and nicely balanced, becomes an elegant philosophical 
instrument, and exhibits, in the most beautiful manner, 
the whole phenomenon, in a way calculated to give at 
one e a clear conception of it as a fact, and a considerable 
insight into its physical cause as a dynamical effect. The 
reader will take care not to confound the variation of the 
position of the earth'' s axis in space with a mere shifting . 
of the imaginary line about which it revolves, in its inte- 
rior. The whole earth participates in the motion, «nd 
goes along with the axis as if it were really a bar of iron 
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driven through it. That such is the case is proved by 
the two great facts : 1st, that the latitudes of places on 
^ the earth, or their geographical situation with respect to 
the poles, have undergone no perceptible change from 
the earliest ages. 2dly, that the sea maintains its level, 
which could not be the case if the motion of the axis 
were not accompanied with a motion of the whole mass 
of the earth. 

(267.) The visible effect of precession on the aspect 
of the heavens consists in the apparent approach of 
some stars and constellations to the pole and recess of 
I " others. The bright star of the Eesser Bear, which we 
call the pole star, has not always been, nor will always 
continue to be, our cynosure : at the time of the con- 
struction of the earliest catalogues it was 12° from the 
pole — it is now only 1° 34', and will approach yet nearer, 
10 within half a degree, after which it will again recede, 
and slowly give place to others, which will succeed it in 
. its companionship to the pole. After a lapse of about 
12,000 years, the star cl Lyrae, the brightest in the north- 
em hemisphere, will occupy the remarkable situation of 
a pole star, approaching within about 5° of the pole. 

(268.) The nutation of the earth's axis is a small and 
slow subordinate gyratory movement, by which, if sub- 
sisting alone, the pole would describe among the stars, 
in a period of about nineteen years, a minute ellipsis, 
having its longer axis equal to 18''*5, and its shorter to 
13"*74 ; the longer being directed towards the pole of 
the ecliptic, and the shorter, of course, at right angles to 
it. The consequence of this real motion of the pole is 
* an apparent approach and recess of all the stars in the 
heavens to the pole in the same period. Since, also, the 
place of the equinox on the ecliptic is determined by the 
place of the pole in the heavens, the same cause will 
give rise to a small alternate advance and recess of the 
equinoctial points, by which, in the same period, both 
the longitudes and the right ascensions of the stars will 
be also alternately increased and diminished. 

(269.) Both these motions, however, although here 
considered separately, subsist jointly; and since, while 
in virtue of the nutation, the pole is describing its little 
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cIlipRe of 18 "'5 in diameter, it is carried by the greater 
and regularly progressive motion of precession over ao 
much of its circle round the pole of the ecliptic as cor- 
responds to nineteen years,^that is to say, over an ang^ 
of nineteen times 60"'l round the centre (which, in i 
small circle of 23° 28' in diameter, corresponds to 6' 20", 
as seen from the centre of the sphere) : the path which 
it will pursue in virtue of the two motions, subsisting 
jointly, will be neither an ellipse nor an exact circle, but 
a gently undulated ring like that in the figure (where, 
however, the undulations are much exaggerated). (Sec 
Jig. to art. 272.) 

(270.) These movements of precession and nutation 
are conunon to all the celestial bodies botli fixed and e^ 
ratic ; and this circumstance makes it impossible to attri- 
bute them to any other cause than a real motion of the 
earth's axis, such as we have described. Did they only 
afTiict the stars, they might, with equal plausibilit}', be 
urged to arise from a real rotation of the starry heavens, 
as a solid sh(!ll round an axis passing through the poles 
of the ecliptic in 25,868 years, and a real elliptic gyration 
of that axis in nineteen years : but since they also afTecl 
the sun, moon, and planets, which, having motions inde- 
pendent of the general body of the stars, cannot without ex- 
travagance be supposed attached to the celestial concave,* 
this idea falls to the ground ; and there only remains, 
then, a real motion in the earth by which they can be 
accounted for. It will be shown in a subsequent chapter 
tliat they are necessary consequences of the rotation of 
the earth, combined with its elliptical figure, and the ud» 
equal attraction of the sun and moon on its polar and 
equatorial regions. 

(271.) Uranographically considered, as affecting the 
apparent places of the stars, they are of the utmost im- 
portance in practical astronomy. ' When we speak of the 
right ascension and declination of a celestial object, it 
becomes necessary to state what epoch we intend, and 

* This argument, cogent as it is, acquires addiuonal and decisive fixr* 
fr>m the law of nutation, wliich is dependent on the positicm, for the time, 
of the lunar orbit. If we attribute it to a real motion of the oeleeiiu 
sf^ere, we must then maintain that sphere to bo kept in a constant itmit 
ot tremor by the motion of the moon ! 
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whether tre raeaiTi the mean right ascension ; cleared, that 
is, of the periodical flactnation in its amount, which 
arises from nutation, or the uppaterU right ascension, 
which heing reckoned from the actual place of the vernal 
equinox, 4s affected by the periodical advance and recess 
of the equinoctial point thence produced— and so of the 
other elements. It is the practice of astronomers to re* 
duce^ as it is termed, all their observations, both of right 
ascension and declination, to some common and conve- 
nient epoch — such as the beginning of the year for tem- 
porary purposes, or of the decade, or the century for 
' more permanent uses, by subtracting from them the 
whole effect of precession in the interval ; and, moreover, 
to divest them of the influence of nutation by investiga- 
ting and subducting the amount of change, both in right 
ascension and declination, due to the displacement of the 
pole from the centre to the circumference of the little el- 
lipse above mentioned. This last process is technically 
termed correcting or equating the observation for nuta- 
tion ; by which latter word is always understood, in as- 
tronomy, the getting rid of a periodical cause of fluctua- 
tion, and presenting a result, not as it was observed, but 
as it would have been observed, had that cause of fluc- 
tuation had no existence. 

(272.) For these purposes, in the present case, veiry 
convenient formulae have been derived, and tables con* 
structed. They are, however, of too technical a charae* 
tet for this work ; we shall, however, point out the man«- 
ner in which the investigation is conducted. It has beeii 
shown in art. 260 by what means the right ascension and 
declination of an object are derived from its longitude 
and latitude. Referring to the figure of that article, and 
supposing the triangle KPX orthographicaUy projected 
on the plane of the ecliptic as in the amiexed figure : in 
the triangle KPX, KP is the obliqnity of the ecliptiCt 
KX the eo'latitude (or cOitiplement of latitude), and the 
angle PKX the c6-longiiude of the object X. Thesel 
are the dttiao( our qnestiont of which the first is oov». 
stant, and the two letter are varied by the effect of pr^ 
cession aad nutation ; smd their variations (considering 
Ihe mtnatimdM tiif tim lattbr e€l^t generally, anfbedw 
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email number of years in comparison of the whole period 
of 25,868, for which we ever require to estimate the 
effect of the former) are of that order which may be 
regarded as infinitesimal in geometry, and treated as such 
without fear of error. The whole question, then, is re- 
duced to this :— In a spherical triangle KPX, in which 
one side KX is constant, and an angle K, and adjacent 




side KP vary by given infinitesimal changes of the po 
sition of P : required the changes thence arising in the 
other side PX, and the angle KPX ? This is a very 
simple and easy problem of spherical geometry, and be- 
ing resolved, it gives at once the reductions we are seek- 
ing ; for PX being the polar distance of the object, and 
the angle KPX its right ascension plus 90^, their va* 
nations are the very quantities we seek. It only re- 
mains, then, to express in proper form the amount of the 
precession and nutation in longitude and latitude^ whoi 
their amount in right ascension and declination will im- 
mediately be obtained. 

(273.) The precession in latitude is zero, since the 
latitudes of objects are not changed by it : that in lon- 
gitude is a quantity proportional to the time at the rate 
of 60"«10 per annum. With regard to the nutation in 
longitude and latitude^ these are no other than the ab- 
scissa; and ordinate of the little ellipse in which the pole 
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moves. The law of its motion, however, therein, cannot 
be understood till the reader has been made acquainted 
with the principal features of the moon's motion on 
which it depends. See chap. XI. 

(274.) Another consequence of what has been shown 
respecting precession and nutation is, that sidereal time 
as astronomers use it, t. e. as reckoned from the transit 
of the equinoctial point, is, not a mean or uniformly 
flowing quantity^ being affected by nutation ; and, 
moreover, that so reckoned, even when cleared of the 
periodical fluctuation of nutation, it does not strictly 
correspond to the earth's diurnal rotation. As tlie sun 
loses one day in the year on the stars, by its direct mo- 
tion in longitude ; so the equinox gains one day in 
25,868 years on them by its retro gradation. We ought, 
therefore, as carefully to distinguish between mean and 
apparent sidereal as between mean and apparent solar 
time. 

(275.) Neither precofsion nor nutation change the 
apparent places of celestial objects inter se. We see 
them, so far as these causes go, as they are, though from 
a station more or less unstable, as we see distant land 
objects correctly formed, though appearing to rise and 
fall when viewed from the heaving deck of a ship in the 
act of pitching and rolling. But there is an optical cause, 
independent of refraction or of perspective, which dis- 
places them one among the other, and causes us to view 
the heavens under an aspect always to a certain slight 
extent false ; and whose influence must be estimated and 
allowed for before we can obtain a precise knowledge of 
the place of any object. This cause is what is called 
the aberration of light ; a singular and surprising eflect 
arising from this, that we occupy a station not at rest 
but in rapid motion ; and that the apparent directions of 
the rays of light are not the same to a spectator in mo- 
tion as to one at rest. As the estimation of its eflect be- 
longs to uranography, we must explain it here, though, 
in so doing, we must anticipate some of the results to be 
detailed in subsequent chapters. 

(276.) Suppose a shower of rain to fall perpendicularly 
in a dead calm ; a person exposed to the shower, who 



t 

4 ■. 



170 A TREATISE ON ASTROlfOMT. [OHAP. IT 

should stand quite still and upright, would receWe the 
dnips on his hat, which would thus shelter him, hut if 
he ran forward in any direction tliey would strike him io 
the face. Tiie effect would be the same as if he remained 
still, and a wind should arise of the same Telocity, and 
drift them against him. Suppose a ball let fall from a 
point A above a horizontal line EF, and that at B were 
placed to receive it the open mouth of an indiaed hoUow 
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tube PQ ; if the tube were held immoveable, the ball 
would strike on its lower side, but if the tube were car- 
ried forward in the direction EF, with a velocity properly 
adjusted at every instant to that of the ball,* while pre- 
serving its inclination to the horizon, so that when the 
ball in its natural descent reached C, the tube should 
have been carried into the position RS, it is evident that 
the ball would, throughout its whole descent, be found 
in the axis of the tube ; and a spectator, referring to the 
tube the motion of the ball, and carried along with the 
former, unconscious of its motion, would fancy that the 
ball had been moving in the inclined direction RS of the 
tube's axis. 

(277.) Our eyes and telescopes are such tubes. In 
whatever manner we consider light, whether as an ad- 
vancing wave in a motionless ether, or a shower of 
atoms traversing space, if in the interval between the 
rays traversing the object-glass of the one or the cornea 
of the other [at which moment they acquire that con- 
vergence which directs them to a certain point in Jix€d 
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apace), the cross wires of the one or the retina of the 
other be slipped aside, the point of convergence (which 
remains unchanged) will no longer correspond to the in- 
tersection of the wires or the central point of our visual 
area. The object then will appear displaced ; and the 
amount of this displacement is aberration. 

(278.) The earth is moving through space with a ve- 
locity of about 19 miles per second, in an elliptic path 
round the sun, and is therefore changing the direction 
of its motion at every instant. Light travels with a ve- 
locity of 192,000 miles per second, which, although 
much greater than that of the earth, is yet not infinitely 
so. Time is occupied by it in traversing any space, and 
in that time the earth describes a space which is to the 
former as 19 to 192,000, or as the tangent of 20''*5 ta 
radius. Suppose now APS to represent a ray of light 
from a star at A, and let the tube PQ be that of a tele- 
scope so inclined forward that the focus formed by its 
object-glass shall be repcjbgrf- upon its cross wire, it is 
evident from what has bl^ said, that the inclination of 
the tube must be such as to make PS : SQ : : velocity of 
light : velocity of the earth, : : tan. 20' '*5 : 1 ; and, 
therefore, the angle SPQ, or PSR, by which the axis of 
the telescope must deviate from the true direction of the 
star, must be 20"'5. 

(279.) A similar reasoning will hold good when the 
direction of the earth's motion is not perpendicular to 
the visual ray. If SB be the s 
true direction of the visual 
ray, and AC the position in 
which the telescope requires 
to be held in the apparent di- 
rection, we must still have the 

proportion BC : BA : : velo- 5 3?" 

locity of light : velocity of the earth : : rad. : sine of 20"*5 
(for in such small angles it matters not whether we use 
the sines or tangents). But we have, also, by trigono- 
metry, BC : BA : : sine of BAC : sine of ACB or CBD, 
which last is the apparent displacement caused by aber- 
ration. Thus it appears that the sign of the aberration, or 
(since tlie angle is extremely small) the aberration itself, 

Q2 
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is proportional to the sine of the angle made by tlie earth'f 
motion in space with the visual ray, and is therefore a 
maximum when the line of sight is perpendicular to the 
direction of the earth's motion. 

(280.) The uranographical effect of aberration, theo, 
is to distort tlie aspect of the heavens, causing all the 
stars to crowd, as it were, directly towards that point in 
the lieavens which is the vanishing point of aJl linei 
parallel to that in which the earth is for the moment 
moving. As the earth moves round the sun in the plane 
of the ecliptic, this point must lie in that plane, 90° in 
advance of the earth's longitude, or 90° behind the sun's, 
and shifts of course continually, describing the circum- 
ference of the ecliptic in a year. It is easy to demon- 
strate that the effect on each particular star will be to 
make it apparently describe a small ellipse in the heavens, 
having for its centre the point in which the star would 
be seen if the earth were at rest. 

(281.) Aberration then affects the apparent right as- 
censions and declinations of all the stars, and that by 
qiumtilies easily calculable. The formulae most conve- 
nient for that purpose, and which, systematically embrac- 
ing at the same time the corrections for precession and 
nutation, enable the observer, with the utmost readiness, 
to disencumber his observations of right ascension aad 
declination of their influence, have been constructed by 
Prof. Bessel, and tabulated in the appendix to the first 
volume of the Transactions of the Astronomical Society, 
whore they will be found accompanied with an extensive 
catalogue of the places, for 1830, of the principal fixed 
stars, one of the most useful and best arranged works 
of the kind which has ever appeared. 

(282.) When the body from which the visual ray 
emanates is, itself, in motion, the best way of conceiving 
the effect of aberration (independently of tlieoretical 
views respecting the nature of light)* is as follows. The 

* The results of the undulatory and corpuscular theoriM of light, in 
Ae matter of aberration, are, in the main, the same. We my in the main. 
There is, however, a minute difference even of numerkuil raniita. hi 
the undulaLor>' doctrine, tiie propagation of light takes place with equil 
velocity in all directions whether the luminaiy be at reet or in motiak 
In the corpuscular, with aa excess of veloei^ in tho dinetion of tht 
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ray by which we see any object is not that which it emits 
at the moment we look at it, but that which it did emit 
some time before, viz. the time occupied by light in tra^ 
versing' the interval which separates it from us. The 
aberration of such a body then arising from the earth's 
velocity must be applied as a correction, not to the line 
joining the earth's place at the moment of observation 
with that occupied by the body at the same moment^ 
but at that antecedent instant when the ray quitted it. 
Hence it is easy to derive the rule given by astronomical 
writers for the case of a moving object. From the known 
laws of its motion and the earth^s, calculate its apparent 
or relative angular motion in the time taken by light to 
traverse its distance from the earth. This is its etberra- 
tion, and its effect is to displace it in a direction contrary 
to its apparent relative motion among the stars. 

We shall conclude this chapter with a few uranogra- 
phical problems of frequent practical occurrence, which 
may be resolved by the rules of spherical trigonometry. 

(283.) Of the following five quantities, given any three. 
to find one or both the others. 

1st, The latitude of the place ; 2d, the declination of an 
object ; 3d, its hour angle east or west from the meridian ; 
4th, its altitude ; 5th, its azimuth. 

In the figure of art. 94, P is the pole, Z the zenith, and 
S the star ; and the &ve quantities above mentioned, or 
their complements, constitute the sides and angles of the 
spherical triangle PZS ; PZ being the co-latitude, PS 
the co-declination or polar distance ; SPZ the hour an- 
gle ; PS the co-altitude or zenith distance ; and PZS the 
azimuth. By the solution of this spherical triangle, then, 
all problems involving the relations between these quanti- 
ties may be resolved. 

(284.) For example, suppose the time of rbing or set* 
ting of the sun or of a star were required, having given 
its right ascension and polar distance. The star risee 

motHMi over that in the cimtraiy equ^ to twice the velocity of the body'ti 
■wtion. In the cases, then, ofa body moving wid) equal veiooitv directly 
lo and directly from the earth, the aberratiouB will be aUkeon the undu- 
latory, but dirorent on the coipuscular hypothesia. The utmost di^i^ 
ence which can arise fivm this cause in our nysfem caimot amount to 
above six thauaaadAm o£ a aaeand. 
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when apparently on the horizon, or rtaUy about 34' be- 
low it (owing to refraction), so that, at the moment of its 
apparent rising, its zenith distance is 00^ d4'ssZS. Its 
polar distance PS being also given, and the co-latitude ZP 
of the place, we have given the three sides of the trian- 
gle, to find the hour angle ZPS, which, being known, is 
to be added to or subtracted from the star's right ascen- 
sion, to give the sidereal time of setting or rising, which, 
if we please, may be converted into solar time by the 
proper rules and tables. 

(285.) As another example of the same triangle, we 
may propose to find the local sidereal time, and the lati- 
tude of the place of observation, by observing equal 
altitudes of the same star east and west of the meri- 
dian, and noting the interval of the observations in side- 
real time. 

The hour angles corresponding to equal altitudes of a 
fixed star being equal, the hour angle east or west will be 
measured by half the observed interval of the observa- 
tions. In our triangle, then, we have given this hour an- 
gle ZPS, the polar distance PS of the star, and ZS, its 
co-altitude at the moment of observation; Hence we may 
find PZ, the co-latitude of the place. Moreover, the 
hour angle of the star being known, and also its right as- 
cension, the point of the equinoctial is known, which is 
on the meridian at the moment of observation; and, 
therefore, the local sidereal time at that moment. This 
is a very useful observation for determining the latitude 
and time at an unknown station. 

(286.) It is often of use to know the situation of the 
ecliptic in the visible heavens at any instant ; that is to 
say, the points where it cuts the horizon, and the altitude 
of its highest point;" or, as it is sometimes called, the 
nonagesimal point of the ecliptic, as well as the longitude 
of this point on the ecliptic itself from the equinox. 
These, and all questions referable to the same data andqu»- 
sita, are resolved by the spherical triangle ZPE, formed 
by the zenith Z (considered as the pole of the horizon^y 
the pole of the equinoctial P, and the pole of tne ecliptie 
£. The sidereal time being given, and also the ndit 
ascension of the pole of the ecliptic (which is always hia 
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«ame, viz. 18*" (T ©•), the hour angle ZPE of that point 
is known. Then, in this triangle we have given PZ, the 
co-latitude ; PE, the polar distance of the pole of the 
ecliptic, 23** 28', and the angle ZPE ; from which wc 
may find, Is t, the side ZE, which is easily seen to he 
equal to the altitude of the nonagesimal point sought ; 
and, 2dly, the angle PZE, which is the azimuth of the 
pole of the ecliptic, and which, therefore, heing added to 
and subtracted from 90^,'||iTes the azimuths of l^e eastern 
and western intersections of the ecliptic with the horizon. 
Lastly, the longitude of the nonagesimal point may be 
had, by calculating in the same triangle the angle PEZ, 
which is its complement. 

(287.) The angle of aituation of a star is the angle in- 
cluded at the star between circles of latitude and of decli- 
nation passing through it. To determine it in any pro- 
posed case, we must resolve the triangle PSE, in which 
are given PS, PE, and the angle SPE, which is the dif- 
ference between the star's right ascension and 16 hours ; 
from which it' is easy to find the angle PSE required. 
This angle is of use in many inquiries in physical astro- 
nomy. It is called in most books on astronomy the an- 
gie of position / but the latter expression has become 
otherwise, and more conveniently, appropriated. 

(288.) From these instances, the manner of treating 
mich questions in oram^rapliy as depend on sphericad 
trigoDOBMlrfwill be eridentf and will, for the most part, 
ofier liuMiSMty) if the student wiU bear in mind, as a 
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practical maxim, rather to consider the poles of the great 
circles which his question refers to^ than the circlet 
themselves. 



CHAPTER V. 

OF THE sun's motion. 

Apparent Motion of the Sun not unifbrm^Ita apparent Diameter aboTt- 
nable — Variation of its Distance concluded— -Ita apparent Orbit an El- 
lipse about the Focus— Law of the angular Velocity — ^Equable Descrip- 
tion of Areas — Parallax of the Sun — Its Distance and Maniitude— 
Copomican Explanation of the Sun's apparent Motion — ^PaFalleliflin of 
the l?:arth'8 Axis— The Seasons— Heat received from the Sun in difie^ 
ent Parts of the Orbit. 

(289.) In the foregoing chapters, it has been shown 
that tlie apparent path of the sun is a great circle of the 
sphere, which it performs in a period of one sidereal 
year. From this it follows, that the line joining the 
earth and sun lies constantly in one plane; and that, 
therefore, whatever be the real motion from which this 
apparent motion arises, it must be confined to one plane, 
which is called the plane of the ecliptic, 

(290.) We have already seen (art. 118) that the sun's 
motion in right ascension among the stars is not uniform. 
This is partly accounted for by the obliquity of the eclip- 
tic, in consequence of which equal variations in longitude 
do not correspond to equal changes of right ascension. 
But if we observe the place of the sun daUy throughout 
the year, by the transit and circle, and from these ^cn« 
late the longitude for each day, it will still be found that, 
even in its own proper path, its apparent angular motion 
is far from uniform. The change of longitude in twenty- 
four mean solar hours averages 0° 69' 8"* 33 ; but aboat 
the 31st of December it amounts to I^ 1' 9''*9, and about 
the 1st of July is only 0° 57' 11 "-5. Such are the ex- 
treme limits, and such the mean value of the sun's appa- 
rent angular velocity in its aimual orbit. 

(291.) This variation of its angular velocity is accom- 
panied with a corresponding change of its distance from 
us. The change of distance is recognised bj a-THriation 
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observed to take place in its apparent diameter, when 
measured at different seasons of the year, with an instru- 
ment adapted for that purpose, called a heliometer,* or, 
by calculating from the time which its disk takes to tra- 
verse the meridian in the transit instrument. The great- 
est apparent diameter corresponds to the 31st of Decem- 
ber, or to the greatest angular velocity, and mecusures 32' 
35"*6 ; the least is 31' 31"*0, and corresponds to the 1st 
of July ; at which epochs, as we have seen, the angular 
motion is also at its extreme limit either way. Now, as 
we cannot suppose the sun to alter its real size periodi- 
cally, the observed change of its apparent size can only 
arise from an actual change of distance. And the sines 
or tangents of such small arcs being proportional to the 
arcs themselves, its distances from us, at the above-named 
epoch, must be in the inverse proportion of the apparent 
diamBters. It appears, therefore, that the greatest, the 
mean, and the least distances of the sun from us are in 
the respective proportions of the numbers 1*01679, 
1*00000, and 0*98321 ; and that its apparent angular ve- 
locity diminishes as the distance increases, and vice versa. 
(292.) It follows from this, that the real orbit of the 
sun, as referred to the earth supposed at rest, is not a 
circle with the earth in the centre. The situation of the 
earth within it is eccentric, the eccentricity amounting to 




0*01679 of the mean distance, which may be regarded as 
our unit of measure in this inquiry. But besides this, 
the form of the orbit is not circular, but elliptic. If from 
any point O, taken to represent the earth, we draw a li , 
OA, in some fixed direction, from wb we t i 
nif a series of angles, AOB» AOOt • < 

j^*/au««, the inn; and ^Tfm^ 
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served Ion IP tildes of the sun througfhout the j^ar, and in 
ihotiv, respective directions measure off from O the dw* 
trances OA, OB, OC, &c. representing- the distances 
deduced fnmi the observed diameter* and then connect 
all the extremities A, 6, C, &c. of these lines by a con* 
tinuous curve, it is evident this wiU be a correct represen- 
tition of the relative orbit of the sun about the earth. 
Now, when this is done, a deviation from the circular 
figure in the resulting curve becomes apparent; it is 
found to be evidently longer than it is broad — that is to 
say, elliptic, and the point O to occupy not the centre, 
but one of the foci of the ellipse. The graphical process 
here described is sufficient to point out Uie general figare 
of t)ie curve in question ; but for the purposes of exact 
verification, it is necessary to recur to the properties of 
the ellipse,* and to express the distance of any one of its 
points in terms of the angular situation of that point with 
respect to the longer axis, or diameter of the ellipse. 
This, however, is readily done ; and when numerically 
calculated, on the supposition of the eccentricity being 
such as above stated, a perfect coincidence is found to 
subsist between the distances thus computed, and those 
derived from the measurement of the apparent diameter. 
(29.3.) The mean distance of the earth and sun being 
taken for unity, the extremes are 1-01679 and 0*96321. 
But if we compare, in like manner, the mean or average 
angular velocity with the extremes, greatest and least, 
we shall find these to be in the proportions of 1*03386, 
1 -00000, and 0-96614. The variation of the sun's an- 
gular velocity, then, is much greater in proportion than 
that of its distance — fully twice as great ; and if we ex- 
amine its numerical expressions at different periods, com* 
paring them with the mean value, and also with the cor- 
responding distances, it will be found, that, by whatever 
fraction of its mean value the distance exceeds the mean, i 

the angular velocity will fall short of its mean or avence 
quantity by very nearly twice as great a fraction of the 
latter, and vice versa. Hence we are led to conclude 
that the angular velocity is in the inverse proportion, not 
of the distance simply, but of its square ; so that, to com* 

* See Conie SeoUonit, b^ the Rev. H. P. HamiltiiL 
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pare the daily motion in longitude of the sun, at one 
point, A, of its patii, with that at B, we must state the 
proportion thus : — 

OB* : OA' : : daily motion at A : daily motion at B. And 
this is found to be exactly verified in every part of the orbit. 

(294.) Hence we deduce another remarkable conclu- 
sion — viz. that if the sun be supposed really to move 
round the circumference of this ellipse, its actual speed 
cannot be uniform, but must be greatest at its least dis- 
tance, and less ^t its greatest. For, were it uniform, the 
apparent angular velocity would be, of course, inversely 
proportional to the distance ; simply because the same 
linear change of place, being produced in the same time 
at different distances from the eye, must, by the laws of 
perspective, correspond to apparent angular displacements 
inversely as those distances. Since, then, observation 
indicates a more rapid law of variation in the angular 
velocities, it is evident that mere change of distance, un- 
accompanied with a change of actual speed, is insufH^ 
cient to account for it ; and that the increased proximity 
of the sun to the earth must be accompanied with an 
actual increase of its real velocity of motion along its path. 

(295.) This elliptic form of the sun's path, the eccen- 
tric position of the earth within it, and the unequal speed 
with which it is actually traversed by the sun itself, all 
tend to render the calculation of its longitude from tlieory 
(i. e. from a knowledge of the causes and nature of its 
motion) difficult, and indeed impossible, so long as the 
law of its actual velocity continues unknown. This lawi 
however, is not immediately apparent. It does not come 
forward, as it were, and present itself at once, like the 
elliptic form of the orbit, by a direct comparison of an- 
gles and distances, but requires an attentive consideration 
of the whole series of observations registered during an 
entire period. It was not, therefore, without much pain- 
ful and laborious calculation, that it was discovered by 
Kepler (who was also the first to ascertain the elliptlo 
form of the orbit), and announced in the following terms : 
Let a line be always supposed to connect the sun, sup- 
posed in motion, with the earth, supposed at rest ; then, 
as the son moves alonff its ellipse, this line (which is 

R 
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called in astronomy- the raditu vector) will describe or 
iweep over that portion of the whole area or surface of 
the ellipse which is included hetween its consecutiTe 
positions : and the motion of the sun will be such that 
equal areas are thus swept over by the revolving radini 
vector in equal times^ in whatever part of the circum- 
ference of the ellipse the sun may be moving. 

(296.) From this it necessarily follows, that in tm- 
' equal times, the areas described must be proportional to 
the times. Thus, in the figure of art. 292, the time in 
which the sun moves from A to B, is the time in which 
it moves from C to D, as the area of the elliptic sector 
AOB is to the area of the sector DOG. 

(297.) The circumstances of the sun's apparent annual 
motion may, therefore, be summed up as follows :— -It is 
performed in an orbit lying in one plane passing through 
the earth's centre, called the plane of the ecliptic, and 
whose projection on the heavens is the great circle so 
called. In this plane, however, the actual path is not 
circular, but elliptical ; having the earth, not in its centre, 
but in one focus. The eccentricity of this ellipse is 0*01670, 
in parts of a unit equal to the mean distance^ or half the 
longer diameter of the ellipse; and the motion of the suo 
in its circumference is so regulated, that equal areas of the 
ellipse are passed over by the radius vector in equal times. 

(298.) What we have here stated supposes no know 
ledge of the sun's actual distance from the earth, nor, 
consequently, of the actual dimensions of its orbit, noi 
of the body of the sun itself. To come to any condo 
sions on these points, we must first consider by what 
means we can arrive at any knowledge of the distance of 
an object to which we have no access. Now, it is ob- 
vious, that its parallax alone can afford us any informa- 
tion on this subject. Parallax may be generally defined 
to be the change of apparent situation of an object 
arising from a change of real situation of the observer. 
Suppose, then, PABQ to represent the earth, C its centre, 
and S the sun, and A, B two situations of a spectator, or, 
which comes to the same thing, the stations of two spec- 
tators, both observing the sun S at the same instant. The 
spectator A will see it in the direction ASa, and will re- 
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fer it to a poibt a in the infinitely distaint sphere of the 
fixed stars, while the spectator B will see it in the direc- 




ikon BSbf and refer it to b. The angle included betwean 
these directions, or the measure of the celestial arc a 6, by 
which it is displacedf is equal to the angle ASB ; and if 
this angle be known, aUd Uie local situations of A and B, 
with the part of the earth's surface AB included between 
them, it is evident that the distance CS may be calculated. 

(299.) Parallax, however, in the astronomical accepta- 
tion of the word, has a more technical meaning. It is 
restricted to the difierenoe of apparent positions of any 
celestial object when viewed from a station on the sur* 
face of the earth, and from its centre. The centre of 
the earth is the general station to which all astronomical 
observations are referred : but, as we observe from the 
surface, a redtictian to the centre is needed; and the 
amount of this reduction is called parallax. Thus, the 
sun being seen from the earUi's centre, in the direction 
CS, and from A on the surface in the direction AS, the 
angle ASC, included between these two directions, is the 
parallax at A, and similarly BSC is that at B. 

Parallax, in this sense, may be distinguished by the 
epithet diurnal^ or geocentric, to discriminate it from 
the onntfo/, or hdiocerUric; of which more hereafter. 

(300.) The reduction for parallax, then, in any pro 
posed case, is obtained from the consideration of the 
triangie ACS, formed by the spectator, the centre of the 
earth, and the object Observed; and since the side CA 
prolonged passes through the observer's zenith, it i# 
evident that the effect of parallax, in this its technical 
acceptation, is always to depress the object observed in 
a vertical circle. To estimate the amount of this de- 
pression, we have, by plane trigonometry, 
CS : CA : : sine of CAS=sine of ZAS : sine of ASC 



I 
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(301.) The parallax, then, for objects equidistant from 
the earth, is proportional to the sines of their zenith dis- 
tances. It is, therefore, at its maximum when the body 
observed is in the horizon. In this situation it is call^ 
the horizontal parallax $ and when, this is known, since 
small arcs are proportional to their sines, the parallax at 
any given altitude is easily had by the following rule:— 

Parallax = (horizontal parallax) x sine of zenith dis- 
tance. 

The horizontal parallax is given by this proportion :— 

Distance of object : earth's radius : : rad. : sine of ho- 
rizontal parallax. 

It is, therefore, known, when the proportion of the 
object's distance to the radius of the earth is known; 
and vice versa — if by any method of observation we can 
come at a knowledge of the horizontal parallax of an 
object, its distance, expressed in units equal to the earth's 
radius, becomes known. 

(302.) To apply this general reasoning to die case of 
the sun. Suppose two observers— one in die northern, 
the other in the southern hemisphere— -at stations on the 
same meridian, to observe on the same day the meridian 
altitudes of the sun's centre. Having thence derived 
the apparent zenith distances, and cleared them of the 
effects of refraction, if the distance of the sun were eqoal 
to that of the fixed stars, the sum of the zenith distances 
thus found would be precisely equal to the sum of the 
latitudes north and south of the places of observation. 
For the sum in question would then be equal to the 
angle ZCX, which is the meridional distance of the 
stations across the equator. But the effect of parallax 
being in both cases to increase the apparent zenith dis 
tances, their observed sum will be greater than the sum 
of the latitudes, by the whole amount of the two paral 
laxes, or by the angle ASB. This angle, then, is \ 

obtained by subducting the sum of the latitudes fh>m 
that of the zenith distances ; and this once determined, 
the horizontal parallax is easily found, by dividing the 
angle so determined by the sum of the sines of the two 
latitudes. 

(303.) If the two stations be not exactly on (he aaino 
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flieridian (a condiiidU very difficult -to fulfilY, the same ', 
l^rocess will supply, If we take cate to allow fot th^ 
chatig^e of the son's actual zenith distance iti the interval 
of time elapsing between iti arrival oti the meridians of 
ihe statiotls. This chatige is i^dily ascertained, either 
from tables of the sun's motiop, ^tiAded on the ex- 
perience of a long course ot (JroerVAtions^ or by iotual 
observation of its metidioiial altitude dn i^^veral dayi$ 
before and after that oii which the observationi^ fof paral- 
lax are taken. Of coutse, the nearer the iltations are to 
each other in longitude, the leed is this interval of time ; 
and, consequently, the smaller the amount Of this Correc- 
tion ; and, therefore, the less injurious to the acduracy 
of the final result is any uncertainty in the daily ch&nge 
of zenith distance Vhich miiy Arise frota imperfedtion 
in the solar tables, or in the observations mftde to deter- 
liiine it.. 

(304.) The horizontal parallax of the i^un has beert 

eonclnded from observations of the nature Above de 

flfcribed, performed in stavOns the most remote froni each 

Other in latitude, at Which observatories have been iti- 

etituted. It has also been deduced from other methods 

of a more refined nature, and susceptible of mtich greater 

ctness, to be hereafter described. Its amount^ so 

uned, is about 6"*6. Minute as this quantity is^ 

ere can be no doubt thiit it is a tolerably eorreet a{H 

mation to the truth ; and in conformity with it, we 

ihuov admit the sun to be situated at a mean distance fil*om 

us, of no less thaii 23,984 times the length of the earth'd 

radius, or about 95,000,000 miles. 

(305.) ThAt at so vast a distance the stin should ap^ 
pear to us of the siie it does, and should so poWerfulfy 
mfluence our condition by its heat and lights requires tuf 
to form a very grand conception of its aetttal magnitude^ 
and of the scale on whi&h those important procesises are 
carried on Within it, by which it is enabled to keep up ittf 
liberal and unceasing supply of these elements. As to^ 
its actual magnitude we can be at no loss, knowing liM 
distance, and the angles under which its diameter appeare 
to us. An object, placed at the distance of 95,000,000 
miles, and subtending an angle of 32' 3", must have il 

R2 
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real diameter of 882,000 miles. Such, then, is the dia- 
meter of this stupendous globe. If we compare it with 
what we have already ascertained of the dimensions of 
our own, we shall find that in linear magnitude it exceeds 
the earth in the proportion of llli to 1, and in bulk in 
thatof 1,384,472 to 1. 

(306.) It is hardly possible to avoid associating our 
conception of an object of definite globular figure, and of 
such enormous dimensions, with some corresponding 
attribute of massiveness and material solidity. That the 
sun is not a mere phantom, but a body having its own 
peculiar structure and economy, our telescopes distinctly 
inform us. They show us dark spots on its surface, 
which slowly change their places and forms, and by 
attending to whose situation, at different times, astrono- 
mers have ascertained that the sun revolves about an 
axis inclined at a constant angle of 82^ 40' to the plane 
of the ecliptic, performing one rotation in a period of 25 
days and in the same direction with the diurnal rotation 
of the earth, i. e. from west to east. Here, then, we 
have an analogy with our own globe ; the slower and 
more majestic movement only corresponding with the 
greater dimensions of the machinery, and impressing us 
with the prevalence of similar mechanical laws, and of, I 
at least, such a community of nature as the existence of 
inertia and obedience to force may argue. Now, in the 
exact proportion in which we invest our idea of this im- 
mense bulk with the attribute of inertia, or weiffht, it be- 
comes difficult to conceive its circulation round so com- 
paratively small a body as the earth, without, on the one 
hand, dragging it along, and displacing it, if bound to it 
by some invisible tie ; or, on the other hand, if not so 
held to it, pursuing its course alone in space, and leaving 
the earth behind. If we tie two stones together by a 
string, and fiing them aloft, we see them circulate about 
a point between them, which is their common centre of 
gravity ; but if one of them be greatly more ponderoos 
than the other, this common centre will be proportionally 
nearer to that one, and even within its surface, so that the 
smaller one will circulate, in fact, about the larger, which 
will be comparatively but little disturbed from its place. 
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(307.) Whether the earth move round the sun, the sun 
round the earth, or both round their common centre of 
gravity, will make no difference, so far as appearances are 
concerned provided the stars be supposed sufficiently dis- 
tant to undergo no sensible apparent parallactic displace- 
ment by the motion so attributed to die earth. Whether 
they are so or not must still be a matter of inquiry ; and 
from the absence of any measureable amount of such dis- 
placement, we can conclude nothing but this, that the 
scale of the sidereal universe is so great, that the mutual 
orbit of the earth and sun may be regarded as an imper- 
ceptible point in its comparison. Admitting, then, in 
conformity with the laws of dynamics, that two bodies 
connected with and revolving about each other in free 
space do, in fact, revolve about their common centre of 
gravity, which remains immoveable by their mutual ac- 
tion, it becomes a matter of further inquiry, whereabouts 
between them the centre is situated. Mechanics teaches 
us that its place will divide their mutual distance in the 
inverse ratio of their weights or masses $* and calculations 
grounded on phenomena, of which an account will be 
given further on, inform us that this ratio, in the case of 
the sun and earth, is actually that of 354,936 to 1, — the 
sun being, in that proportion, more ponderous than the 
earth. From this it will follow that the common point 
about which they both circulate is only 267 miles from the 
sun's centre, or about s^Vir^ P^^^ ^^ ^^ ^^^ diameter. 

(308.) Henceforward, then, in conformity with the 
above statements, and with the Copemican view of our 
system, we must learn to look upon the sun as the com- 
paratively motionless centre about which the earth per- 
forms an annual elliptic orbit of the dimensions and ec- 
centricity, and with a velocity regulated according to the 
law above assigned ; tfie sun occupying one of the foci 
of the ellipse, and from that station quietly disseminating 
on all sides its light and heat ; while the earth, travelling 
round it, and presenting itself differently to it at different 
times of the year and day, passes through the varieties of 
day and night, summer and winter, which we enjoy. 

(309.) In this annual motion of the earth, its axis pre- 
* See Cab. Cyc Mschanicb, Centre of Gravitf . 
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serves, at all times, tlie same direction as if the oxtdtoiil 
movcmont had no exisfence ; and is <5arried round paral- 
lel to itHoir, and pointing always to the same vanishing 
point in the sphere of the fixed stars. This it is which 
gives rise to the variety of seasons, as we shall now ex- 
plain. In so doing, we shall neglect (for a reason which 
will be presently explained) the ellipticity of the orbit, 
and suppose it a circle, with the sun in the centre. 

(310.) Let, then, S represent the sun, and A, B, C, D, 
four positions of the earth in its orbit, 90^ apart, viz. A 



:pjS^ 




that wliich it has on the 21st of March, or at the time of 
the vernal equinox ; B that of the 21st of June, or tlie 
summer solstice ; C that of the 21st of September, or the 
autumnal equinox ; and D that of the 21st of December, 
or the winter solstice. In each of these positions let PQ 
represent the axis of the earth about which its diurnal 
rotation is performed without interfering with its annual 
motion in its orbit. Then, since the stm can only en- 
lighten one half of the surface at once, viz. that turned 
towards it, the shaded portions of the globe in its several 
positions will represent the dark, and the bright, the en- 
lightened halves of the earth's surface in these positions. 
Now, 1st, in the position A, the sun is vertically over the 
intersection of the equinoctial F£ and the ecliptic IIG. 
It is, therefore, in the equinox ; and in this position the 
poles P, Q, both fall on the extreme confines of the en- 
lightened side. In this position, therefore, it is day over 
half the northern and half the southern hemisphere at 
once ; and as tlie earth revolves on its axis, every point 
of its surface describes half its diurnal coarse in light, and 
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half in darkness ; in other words, the duration of day and 
night is here equal over the whole globe : hence the term 
equinox. The same holds good at the autumnal equinox 
on the position C. 

(311.) B is the position of the earth at the time of the 
northern^ summer solstice. Here the north pole P, and 
a considerable portion of the earth's surface in its neigh- 
bourhood, as far as B, are situated within the enlighten- 
ed half. As the earth turns on its axis in this position, 
therefore, the whole of that part remains constantly en- 
lightened ; therefore, at this point of its orbit, or at this 
season of the year, it is continual day at the north pole, 
and in all that region of the earth which encircles this 
pole as far as B— that, is, to the distance of 23° 28' from 
the pole, or within what is called, in geography, the arctic 
circle. On the other hand, the opposite or south pole Q, 
with all the region comprised widiin the antarctic circle^ 
as far as 23° 28' from the south pole, are immersed at 
this season in darkness, during the entire diurnal rotation, 
so that it is here continual night. 

(312.) With regard to that portion of the surface com- 
prehended between the arctic and antarctic circles, it is 
no less evident that the nearer any point is to the north 
pole, the larger will be the portion of its diurnal course 
comprised within the bright, and tlie smaller within the 
dark hemisphere ; that is to say, the longer will be its 
day, and the shorter its night. Every station north of the 
equator will have a day of more and a night of less than 
twelve hour's duration, and vice versa. All these phe- 
nomena are exactly inverted when the earth comes to the 
opposite point D of its orbit. 

(313.) Now, the temperature of any part of the earth*s 
surface depends mainly, if not entirely, on its exposure to 
the sun's rays. Whenever the sun is above the horizon 
of any place, that place is receiving heat ; when below, 
parting with it, by the process called radiation ; and the 
whole quantities received and parted with in the year 
must balance each other at every station, or the equilibri- 
um of temperature would not be supported. Whenever, 
then, the sun remains more than twelve hours above 
horizon of any place, and less be&eaih, the generall 
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rature of that place will be above the average ; when the 
reverse, below. As the earth, then, moves from A to B, 
the days growing longer, and the nights shorter in the 
northern hemisphere, the temperature of every part of that 
hemisphere increases, and we pass from spring to sum- 
mer, while at the same time the reverse obtains in the 
southern hemisphere. As the earth passes from B to C, 
the days and nights again approach to equality — the ex- 
cess of temperature in the northern hemisphere above the 
mean state grows less, as well as its defect in the south- 
em ; and at the autumnal equinox, C, the mean state is 
once more attained. From thence to D, and, finally, 
round again to A, all the same phenomena, it is obvious, 
must again occur, but reversed, it being now winter in 
the northern, and summer in the southern hemisphere. 

(314.) All this is exactly consonant to observed fact. 
The continual day within the polar circles in summer, 
and night in winter, the general increase of temperature 
and length of day as the sun approaches the elevated 
pole, and the reversal of the seasons in the northem and 
southern hemispheres, are all facts too well known to 
require further comment. The positions A, C of the 
earth correspond, as we have said, to the equinoxes ; 
those at B, D to the solstices. This term must be ex- 
plained. If, at any point, X, of the orbit, we draw 2P 
the earth's axis, and XS to the sun, it is evident that the 
angle PXS will be the sun's polar distance. Now, this 
angle is at its maximum in the position D, and at its 
minimum at B; being in the former case b=90°4.23* 
28'== 103° 28', and in the latter 90^—23'* 28'»66<' 82'. 
At these points the sun ceases to approach to or to recede 
from the pole, and hence the name solstice. 

(315.) The elliptic form of the earth's orbit has bat 
a very trifling share in producing the variation of tem- 
perature corresponding to the difference of seasons. This 
assertion may at first sight seem incompatible with what 
we know of the laws of the communication of heat from 
a luminary placed at a variable distance. Heat, like 
light, being equally dispersed from the sun in all direc- 
tions, and being spread over the surface of a sphere con- 
tinually enlarging as we recede from the centre, must of 
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coarse diminish in intensity according to the inverse pro^ 
portion of the surface of the sphere over which it is 
spread ; that is» in the inverse proportion of the square 
of the distance. But we have seen (art. 293) that this 
is also the proportion in which the angular velocity of 
the earth about the sun varies^ Hence it appears, that 
the momentary supply of heat received by the earth from 
the sun varies in the exact proportion of the angular ve* 
locity, t. c. of the momentary increase of longitude ; and 
from this it follows, that equal amounts of heat are re- 
ceived from the sun in passing over equal angles round 
it, in whatever part of the ellipse those angles may be 
situated. Let, then, S represent the sun ; AQMP the 




earth's orbit ; A its nearest point to the sun, or, as it is 
called, the perihelion of its orbit ; M the farthest, or the 
aphelion; and therefore ASM the axis of the ellipse. 
Now, suppose the orbit divided into two segments by a 
straight line PSQ drawn through the sun, and any how 
situated as to direction ; then, if we suppose the earth 
to circulate in the direction PAQMP, it will have passed 
over 180° of longitude in moving from P to Q, and as 
many in moving from Q to P. It appears, therefore, 
from what has been shown, that the supplies of heat re- 
ceived from the sun will be equal in the two segments, 
in whatever direction the line PSQ be drawn. _They 
will, indeed, be described in unequal times ; that in 
which the perihelion A lies in a shorter, and the other 
in a longer, in proportion to their unequal area ; but the 
greater proximity of the sun in the smtJler segment com- 
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pensates exactly for its more rapid description, and thus 
an equilibrium of heat is, at it were, maintained. Were 
it not for this, the eccentricity of the orbit would mate- 
rially influence the transition of seasons. The fluctua- 
tion of distance amounts to nearly J^th of its mean quan- 
tity, and consequently, the fluctuation in the sun's direct 
heating power to double this, or ^ih of the whole. 
Now, the perihelion of the orbit is situated neariy at the 
place of the northern winter solstice ; so that, were it 
not for the compensation we have just described, the 
eflect would be to exaggerate the difierence of summer 
and winter in the southern hemisphere, and to moderate 
it in the northern ; thus producing a more violent alte^ 
nation of climate in the one hemisphere, and an approach 
to perpetual spring in the other. As it is, however, no 
such inequality subsists, but an equal and impartial dis- 
tribution of heat and light is accorded to both.* 

(316.) The great key to simplicity of conception in 
astronomy, and, indeed, in all sciences where motion is 
concerned, consists in contemplating every moveme. t as 
referred to points which are either permanently flxed, 
or so nearly so, as that their motions shall be too small 
to interfere materially with and confuse our notions. In 
the choice of these primary points of reference, too, we 
must endeavour, as far as possible, to select such as have 
simple and symmetrical geometrical relations of situa- 
tion with respect to the curves described by the moving 
parts of the system, and which are thereby fitted ta per- 
form the office of natural centres^— advantageous sta- 
tions for the eye of reason and theory. Having learned 
to attribute an orbitual motion to the earth, it loses this 
advantage, which is transferred to the sun, as the fixed 
centre about which its orbit is performed. Precisely as, 
when embarrassed by the earth^s diurnal motion, we 
have learned to transfer, in imagination, our stati<m of 
observation from its surface to its centre, by the appli- 
cation of the diurnal parallax ; so, when we come to in- 
quire into the movements of the planets, we shall find 

• See Geological Transactions, 1832, « On Ihe Astronomical CauMM 
which may influence Geological Phenomena," by the author of Uup 
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ourselves continually embarrassed by tbe orbitual mo- 
tion of our point of view, unless, by Uie consideration of 
the annual or heliocentric parallax, as it may be termed, 
we consent to refer all our observations on them to the 
centre of the sun, or rather to the common centre of gra^ 
vity of the sun, and the other bodies which are connect- 
ed with it in our system. Hence arises the distinction 
between the geocentric and heliocentric place of an ob- 
ject. The former refers its situation in space to an 
imaginary sphere of infinite radius, having the centre of 
the earth for its centre — the latter to one concentric with 
the sun. Thus, when we speak of the heliocentric Ion- 
gifudes and latitudes of objects, we suppose the specta- 
tor situated in the sun, and referring them, by circles 
perpendicular to the plane of the ecliptic, to the great 
circle marked out in the heavens by the infinite prolonga- 
tion of that plane. 

(317.) The point in the imaginary concave of an in- 
finite heaven, to which a spectator in the sun refers the 
earth, must, of course, be diametrically opposite to that to 
wliich a spectator on the earth refers the sun's centre ; 
consequently, the heliocentric latitude of the earth is 
always nothing, and its heliocentric longitude always 
equal to the sun's geocentric longitude 4-180°, The 
heliocentric equinoxes and solstices are, therefore, the 
same as the geocentric ; and to conceive them, we have 
only to imagine a plane passing through the sun's centre, 
parallel to the earth's equator, and prolonged infinitely 
on all sides. The line of intersection of this plane and 
the plane of the ecliptic is the line of equinoxes, and the 
solstices are 90® distant from it. 

(318.) The position of the longer axis of the earth's 
orbit is a point of great importance. In the figure (art. 
315) let ECU be the ecliptic, E the vernal equinox, L 
the autumnal (i. e. the points to which the earth is re- 
ferred from the sun when its heliocentric longitudes are 
O'^ an/ 180° respectively). Supposing the earth's mo- 
tion to be performed in the direction ECLI, the aiii 
ESA, or the longitude of the perihelion, in the yeaar 1 jr 
was 99° 30' 5" : we say in the year 1800, bees 
point of fact, by the operation of 
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explained, its position is subject to an extremely slow vd- 
riation of about 12" per annum to the eastward, and 
which, in the progress of an immensely longperiod— -of no 
less than 20,984 years — carries the axis ASM of the 
orbit completely round the whole circumference of the 
ecliptic. But this motion must be disregarded for the 
present, as well as many other minute deviations, to be 
brought into view when they can be better understood. 
(319.) Were the earth's orbit a circle, described with 
a uniform velocity about the sun placed in its centre, no- 
thing could be easier than to calculate its position at any 
time, with respect to the line of equinoxes, or its longi- 
tude, for we should only have to reduce to numbers Qie 
proportion following ; viz. One year : the time elapsed :: 
360° : the arc of longitude passed over. The longitude 
so calculated is called in astronomy the mean longitude of 
the earth. But since the earth's orbit is neither circular, 
nor uniformly described, this rule will not give us the true 
place in the orbit at any proposed moment Neverthe- 
less, as the eccentricity and deviation from the circle are 
small, the true place will never deviate very far from that 
so determined (which, for distinction's sake, is called the 
mean place), and the former may at all times be calculated 
from the latter, by applying to it a correction or equation 
(as it is termed), whose amount is never very great, and 
whose computation is a question of pure geometry, de* 
pending on the equable description of areas by the earth 
about the sun. For since, in the elliptic motion, accord- 
ing to Kepler's law above stated, areas not angles are 
described uniformly, the proportion must now be stated 
thus ; One year : the time elapsed : : the whole area of 
the ellipse : the area of the sector swept over by the ra- 
dius vector in that time. This area, therefore, becomes 
known, and it is then, as above observed, a problem of 
pure geometry to ascertain the angle dhoni the sun (ASP, 
fig. art. 315), which corresponds to any proposed frac- 
tional area of the whole ellipse supposed to be contained 
in the sector APS. Suppose we set out from A the pe- 
rihelion, then will the angle ASP at first increase more 
rapidly than tlie mean longitude, and will, therefore, du- 
ring the whole semi-revolution from A to M, exceed it in 
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amount ; or, in other words, the true place will be in ad- 
vance of the mean : at M, one half of the year will have 
elapsed, and one half the orbit have been described, 
whether it be circular or elliptic. Here, then, the me€m 
and true places coincide ; but in all the other half of the 
orbit, from M to A, the true place will fall short of the 
mean, since at M the angular motion is slowest, and the 
true place from this point begins to lag behind the mean 
— to make up with it, however, as it approaches A, where 
it once more overtakes it. 

(320.) The quantity by which the true longitude of the 
earth differs from the mean longitude is called the equa* 
tion of the centre, and is additive during all the half-year 
in which the earth passes from A to M, beginning at 0° 
0' 0", increasing to a maximum, and again diminish- 
ing to zero at M ; after which it becomes subtractive, 
attains a maximum of subtractive magnitude between M 
and A, and again diminishes to at A. Its maximum, 
both additive and subtractive, is 1** 55' 33"-3. 

(321.) By applying, then, to the earth's mean longi- 
tude, the equation of the centre corresponding to any 
given time at which we would ascertain its place, the true 
longitude becomes known ; and since the sun is always 
seen from the earth in 180^ more longitude than the earth 
from the sun, in this way also the sun's true place in the 
ecliptic becomes known. The calculation of the equa- 
tion of the centre is performed by a table constructed for 
that purpose, to be found in all " Solar Tables." 

(322.) The maximum value of the equation of the cen- 
tre depends only on the ellipticity of the orbit, and may 
be expressed in terms of the eccentricity. Vice versa^ 
therefore, if the former quantity can be ascertained by 
observation, the latter may be derived from it ; because, 
whenever the law, or numerical connexion, between two 
quantities is known, the one can always be determined 
from the other. Now, by assiduous observation of the 
sun's transits over the meridian, we can ascertain, for 
every day, its exact right ascension, and thence conclude 
its longitude (art. 260). After this, it it easy to assiirii *^ 
angle by which this observed longiiade exceeds 
fihort of the mean ; and the greatest amount d 
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or defect which occurs in the whole year, is the maxi- 
mum equation of the centre. This, as a means of asce^ 
taining the eccentricity of the orhit, is a far more easy and 
accurate method than that of concluding* its distance by 
measuring its apparent diameter, The results of the two 
methods coincide, however, perfectly. 

(323.) If the ecliptic coincided with the equinoctial^ 
the effect of the equation of the centre, by disturbing the 
uniformity of the sun' s apparent motion in longitude, 
would cause an inequality in its time of coming on the 
meridian on successive days. When the sun's centre 
comes to the meridian, it is apparent noon, and if its mo- 
tion in longitude were uniform, and the ecliptic coincident 
'with the equinoctial, this would always coincide with 
mean noon, or tlie stroke of 12 on a well-regulated solar 
clock. But, independent of the want of uniformity in 
its motion, the obliquity of the ecliptic gives rise to an- 
other inequality in this respect ; in consequence of which 
the sun, even supposing its motion in the ecliptic uniform, 
would yet alternately, in its time of attaining the meri- 
dian, anticipate and fall short of the mean noon as shown 
by the clock. For the right ascension of a celestial ob- 
ject, forming a side of a right-angled spherical trian- 
gle, of which its longitude is the hypothenuse, it is 
clear that the uniform increase of the latter most necessi- 
tate a deviation from uniformity in the increase of the 
former. 

(324.) These two causes, then, acting conjointly, pro- 
duce, in fact, a very considerable fluctuation in the time 
as shown per clock, when the sun reaUy attains the 
meridian. It amounts, in fact, to upwards of half an 
hour ; apparent noon sometimes taking place as much as 
16|^ min. before mean noon, and at others as much as i4| 
min. after. This difference between apparent and mean 
noon is called the equation of time, and is calculated and 
inserted in ephemerides for every day of the year, under 
that title ; or else, which comes to the same thing. 
the moment, in mean time, of the sun's culmination, 
for each day, is set down as an astronomical phenome- 
non to be observed. 

(325.) As the sun, in its apparent annual counei is 
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Carried along the ecliptic, its deditiation lb coiitinually 
varying between the extreme limits of 23^ 38' 40" north, 
and as much south, which it attains at the solstices. It 
is consequently always vertical over some part or other 
of that zone or belt of the earth's surface which lies be- 
tween the north and south parallds of 23® 28' 40". 
These parallels are called in geography the tropics / the 
northern one that of Cancer, and the southern of Caprv- 
com; because the sun, at the respective solstices, is situ- 
ated in the division or signs of the ecliptic so denomi- 
nated. Of these signs there are twelve, each occupying 
30° of its circumference. They commence at the vernal 
^uinox, and are named in order — Aries, Taurus, Gemi- 
ni, Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius, Ca- 
pricornus, Aquarius, Pisces. They are denoted also by 
the following symbols: — V, «, H, 25, ^, in?, ^ ,lTi, /, 
VJ, ^, X. The ecliptic itself is also divided into 
signs, degrees, and minutes, &c. thus, 5' 27° 0' c«rres- 
ponds to 177° 0' ; but this is beginning to be disused. 

(326.) When the sun is in either tropic, it enlightens, 
as we have seen, the pole on that side the equator, and 
shines over or beyond it to the extent of 23^ 28' 40". 
The parallels of latitude, at this distance from either 
pole, are called the polar circles, and are distinguished 
from each other by the names arctic and antarctic* The 
regions within these circles are sometimes termed frigid 
zones, while the belt between the tropics is called the 
torrid zone, and the immediate belts temperate zones. 
These last, however, are merely names given for the 
sake of naming ; , as, in fact, owing to the difierent dis- 
tribution of land and sea in the two hemispheres, 
zones of climate are not co-terminal with zones of laH- 
tude. 

(327.) Our seasons are determined by the apparent 
passages of the sun across the equinoctial, and its alter- 
nate arrival in the northern and southern hemisphere. 
Were the equinox invariable, this would happen at in- 
tervals precisely equal to the duration of the sidereal 
year ; but, in fact, owing to the slow conical motion of 
the earth's axis described in art. 264, the equinox re- 
treats on the ecliptic, and meets the advancing sun some- 

82 
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pensates exactly for its more rapid descriptioii, and tfaus 
an equilibrium of heat is, at it were, maintained. Were 
it not for this, the eccentricity of the orbit would mate- 
rially influence the transition of seasons. The fluctoa- 
tion of distance amounts to nearly J^ih of its mean quan- 
tity, and consequently, the fluctuation in the sun's direct 
heating power to double this, or .^th of the whole. 
Now, the perihelion of the orbit is situated nearly at tiie 
place of the northern winter solstice ; so that, were it 
not for the compensation we have just described, the 
effect would be to exaggerate the difference of summer ' 
and winter in the southern hemisphere, and to moderate 
it in the northern ; thus producing a more violent altera j 
nation of climate in the one hemisphere, and an approach 
to perpetual spring in the other. As it is, however, no 
such inequality subsists, but an equal and impartial dis- 
tribution of heat and light is accorded to both.* 

(316.) The great key to simplicity of conception in 
astronomy, and, indeed, in all sciences where motion is 
concerned, consists in contemplating every movement as 
referred to points which are either permanently fixed, 
or so nearly so, as that their motions shall be too small 
to interfere materially with and confuse our notions. In 
the choice of these primary points of reference, too, we 
must endeavour, as far as possible, to select such as have 
simple and symmetrical geometrical relations of situa- 
tion with respect to the curves described by the moving 
parts of the system, and which are thereby fitted tQ per- 
form the office of natural centres— advantageous st^ 
tions for the eye of reason and theory. Having leamei 
to attribute an orbitual motion to the earth, it loses this 
advantage, which is transferred to the sun, as the fixed 
centre about which its orbit is performed. Precisely as, 
when embarrassed by the earth's diurnal motionv we 
have learned to transfer, in imagination, our station of 
observation from its surface to its centre, by the appli- 
cation of the diurnal parallax ; so, when we come to in- 
quire into the movements of the planets, we shall find 



* See Geological Transactions, 1832, " On the Astronomical «^h.«. 
which may influence Geological Phenomena," by the autfaur o£ thv 
work. • 
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^ ourselves continually embarrassed by the orbitual mo- 
tion of our point of view, unless, by tfie consideration of 
the annual or heliocentric parallax, as it may be termed, 
we consent to refer all our observations on them to the 
centre of the sun, or rather to the common centre of gra^ 
vity of the sun, and the other bodies which are connect- 
ed with it in our system. Hence arises the distinction 
between the geocentric and heliocentric place of an ob- 
ject. The former refers its situation in space to an 
imaginary sphere of infinite radius, having the centre of 
the earth for its centre — the latter to one concentric with 
the sun. Thus, when we speak of the heliocentric Ion- 
gitudes and latitudes of objects, we suppose the specta- 
tor situated in the sun, and referring them, by circles 
perpendicular to the plane of the ecliptic, to the great 
circle marked out in the heavens by the infinite prolonga- 
tion of that plane. 

(317.) The point in the imaginary concave of an in- 
finite heaven, to which a spectator in the sun refers the 
earth, must, of course, be diametrically opposite to that to 
which a spectator on the earth refers the sun's centre ; 
consequently, the heliocentric latitude of the earth is 
always nothing, and its heliocentric longitude always 
equal to the sun's geocentric longitude +180°. The 
heliocentric equinoxes and solstices are, therefore, the 
same as the geocentric ; and to conceive them, we have 
only to imagine a plane passing through the sun's centre, 
parallel to the earth's equator, and prolonged infinitely 
on all sides. The line of intersection of this plane and 
the plane of the ecliptic is the line of equinoxes, and the 
solstices are 90° distant from it. 

(318.) The position of the longer axis of the earth's 
orbit is a point of great importance. In the figure (art. 
315) let ECU be the ecliptic, E the vernal equinox, L 
the autumnal (i, e, the points to which the earth is re- 
f erred from the sun when its heliocentric longitudes are 
0° and 180° respectively). Supposing the earth's mo- 
tion to be performed in the direction ECLI, the angle 
ESA, or the longitude of the perihelion, in the year 1800 
was 99° 30' 5" : we say in the year 1800, because, in 
point of fact, by the operation of causes hereafter to be 

S 
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border. Occasionally thejr break up, or divide into two 
or more, and in those offer every evidence of that ex- 
treme mobility which belongs only to the fluid state, and 
of that excessively violent agitation which seems only 
compatible with the atmospheric or gaseous state of mat- 
ter. The scale on which their movements take place is 
immense. A single second of angular measure, as seen 
from the earth, corresponds on the sun's disc to 46ft 
miles ; and a circle of this diameter (containing there- 
fore nearly 220,000 square miles) is the least space which 
can be distinctly discerned on the sun as a visible area. 
Spots have been observed, however, whose linear dia- 
meter has been upwards of 45,000 miles ;• and even, if 
some records are to be trusted, of very much greater ex- 
tent. That such a spot should close up in six weeks' 
time (for they hardly ever last longer), its borders must 
approach at the rate of more than 1000 miles a day. 

Many other circumstances tend to corroborate this 
view of the subject. The part of the sun's disc not oo 
cupied by spots is far from uniformly bright. Its ground 
is finely mottled with an appearance of minute, dark 
dots, or pores, which, when attentively watched, are 
found to be in a constant state of change. There ]b 
nothing which represents so faithfully this appearance 
as the slow subsidence of some fiocculent chymical pre- 
cipitates in a transparent fluid, when viewed perpen- 
dicularly from above : so faithfully, indeed, that it is 
hardly possible not to be impressed with the idea of a 
luminous medium intermixed, but not confounded, with 
a transparent and non-luminous atmosphere, either float- 
ing as clouds in our air, or pervading it in vast sheets 
and columns like flame, or the streamers of our northern 
lights. 

(331.) Lastly, in the neighbourhood of great spots, or 
extensive groups of them, large spaces of fie surface are 
often observed to be covered with strongly marked 
curved, or branching streaks, more luminous than the 
rest, called facxdx, and among these, if not already 
existing, spots frequently break out. They may, 

* Mayer, Obs. Mar. 15, 1758. ** Ingens macula in sole consplcisbantf 
•iguB diameter s ^^ diam. tolis.*' 
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perhaps, be regarded with most probability, as the 
ridges of inunense waves in the luminous regions of the 
sun's atmosphere, indicative of violent agitation in their 
neighbourhood. 

(332.) But what are the spots ? Many fanciful notions 
have been broached on this subject, but only one seems 
to have any degree of physical probability, viz. that Uiey 
are the dark, or at least comparatively dark, solid body 
of the sun itself, laid bare to our view by those immense 
fluctuations in the luminous regions of its atmosphere, to 
which it appears to be subject. Respecting the manner 
in which this disclosure takes place, different ideas again 
have been advocated. Lalande (art. 3240) suggests, 
that eminences in the nature of mountains are actually 
laid bare, and project above the luminous ocean, appear- 
ing black above it, while their shoaling declivities pror 
duce the penumbrae, where the luminous fluid is less 
deep. A fatal objection to this theory is the perfectly 
uniform shade of the penumbra and its sharp termination, 
both inwards, where it joins the spot, and outwards, 
where it borders on the bright surface. A more proba- 
ble view has been taken by Sir William Herschel,* who 
considers the luminous strata of the atmosphere to be 
sustained far above the level of the solid body by a 
transparent elastic medium, carrying 'on its upper sur- 
face (or rather, to avoid the former objection, at some 
considerably lower level tvithin its depth,) a cloudy 
stratum which, being strongly iUuminatfd Lm above, 
reflects a considerable portion of the light to our eyes, 
and forms a penumbra, while the solid body, shaded by 
the clouds, reflects none. The temporary removal of 
both the strata, but more of the upper than the lower, he 
supposes effected by powerful upward currents of the 
atmosphere, arising, perhaps, from spiracles in the body, 
or from local agitations. See flg. 1. dy plate IIL 

(333.) The region of the spots is confined within 
about 30^ of the sun's equator, and, from their motion on 
the surface, carefully measured with micrometers, is as« 
oertained the position of the equator, which is a plane 
iucUned 7° 20' to the ecliptic, and iat^isecting it ia a Uuq 

•Phil Trans. 1801. 
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whose direction makes an angle of 80® 21' with that oi 
the equinoxes. It has been also noticed (not, we think, 
without great need of further confirmation), that exlinct 
spots have again broken out, after long intervals of tin e, 
on the same identical points of the sun's globe. Our 
knowledge of the period of its rotation (which, according 
to Delambrc's calculations, is 25*^*01154, but, according 
to others, materially different,) can hardly be regarded as 
sufficiently precise to establish a point of so much nicety* 
(334.) That the temperature at the visible surface of 
the sun cannot be otherwise than very elevated, much 
more so than any artificial heat produced in our furnaces, 
or by chemical or galvanic processes, we have indications 
of several distinct kinds : 1st, From the law of decrease 
of radiant heat and light, which, being inversely as the 
squares of the distances, it follows, that the heat received 
on a given area exposed at the distance of the earth, and 
on an equal area at the visible sur^ice of the sun, must 
be in the proportion of the area of the sky occupied by 
the sun's apparent disc to the whole hemisphere, or as 1 
to about 300000. A far less intensity of solar radiation, 
collected in the focus of a burning glass, suffices to dis* 
sipate gold and platina in vapour. 2dly, From the fa- 
cility with which the calorific rays of the sun traverse 
glass, a property which is found to belong to the heat of 
artificial fires in the direct proportion of their intensity.* 
3dly, From the fact, that the most vivid flames disappear, 
and the most intensely ignited solids appear only as black 
spots on the disk of the sun when held between it and 
the eye.t From this last remark it follows, that the body 
of the sun, however dark it may appear when seen thiougn 
its spots, may, nevertheless, be in a state of most intense 

* By direct measurement with the acdnometer, an instrument I bsTt 
lone employed in such inquiries, and whose indicationB are liable to nans 
of mose sources of fallacy which beset the usual modes of eatimatioo, I 
find that out of 1000 calorific solar nys, 816 nenetrate a sheet o£ plate 
glass 0*12 inch thick; and that of 1000 rays wnich have jpeased threo^ 




yet been produced. The appearance of this against the sun was, how- 
ever, as described in an imperfect trial at whi^ I was preaent The 



e]n[)enment ought to be repeated under favourable eircuniitaiicei^^ 
Author 
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ignition. It does not, however, follow of necessity that 
it must be so. The contrary is at least physically possi- 
ble. A perfectly reflective canopy would effectually de- 
fend it from the radiation of the luminous regions above 
its atmosphere, and no heat would be conducted down- 
wards through a gaseous medium increasing rapidly in 
density. That the penumbral clouds are highly reflect- 
ive, the fact of their visibility in such a situation can 
leave no doubt. 

(335.) This immense escape of heat by radiation, we 
may also remark, will fully explain the constant state of 
tumultuous agitation in which the fluids composing the 
visible surface are maintained, and the continual genera- 
tion and filling in of the pores, without having recourse 
to internal causes. The mode of action here alluded to 
is perfecdy represented to the eye in the disturbed sub- 
sidence of a precipitate, as described in art. 330, when 
the fluid from which it subsides is warm, and losing heat 
from its surface. 

(336.) The sun's rays are the ultimate source of al- 
most every motion which takes place on the surface of 
the earth. By its heat are produced all winds, and those 
disturbances in the electric equilibrium of the atmosphere 
which give rise to the phenomena of terrestrial magnet- 
ism. By their vivifying action vegetables are elaborated 
from inorganic matter, and become, in their turn, the sup- 
port of animals and of man, and the sources of those 
great depositcs of dynamical efficiency which are laid up 
for human use in our coal strata. By them the waters 
of the sea are made to circulate in vapour through the 
ail, and irrigate the land, producing springs and rivers. 
By thom are produced all disturbances of the chymical 
equilibrium of the elements of nature, which, by a series 
of compositions and decompositions, give rise to new 
products, and originate a transfer of materials. Even 
the slow degradation of the solid constituents of the sur- 
face, in which its chief geological changes consist, and 
their diffusion among the waters of the ocean, are entirely 
due to the abrasion of the wind and rain, and the altera 
nate action of the seasons ; and when we consider the 
immense transfer of matter so produced, th^- increase of 
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pressure over large spaces in the bed of the ocean, and 
dimimUion over corresponding portions of the land, we 
arc not at a loss to perceive how the elastic power of 
subterranean fires, thus repressed on the one hand and 
relieved on the other, may break forth in points when 
the resistance is barely adequate to their retention, and 
thus bring the phenomena of even volcanic activity under 
the general law of solar influence. 

(337.) The great mystery, however, is to conceive 
how so enormous a conflagration (if such it be) can be 
kept up. Every discovery in chymical science here 
leaves us completely at a loss, or rather, seems to remove 
farther the prospect of probable explanation. If conjec- 
ture might be hazarded, we should look rather to the 
known possibility of an indefinite generation of heat by 
friction, or to its excitement by the electric discharge, 
than to any actual combustion of ponderable fuel, whe- 
ther solid or gaseous, for the origin of the solar radiation.* 

* Cleclricity traversing excessively rarefied air or vapoun; €^^^ ^ 
light, and, doubileas, also heat May not a continual current of electiie 
matter l)e constantly circulating in the sun*8 immediate neighbouHbood, 
or traversing the planetary s])ace8, and exciting, in the tipper regkmi of 
its atmosphere, those })henomena of which, on however diminutive a 
scale, wo have yet an unequivocal manifestation in our aurora botealk f 
The possible analogy of the solar light to that of the aurora hw been 
distincily insisted on by my father, in his paper already cited. It would 
be a highly cnrioiis subject of experimental inquinr, how fiif a mere re- 
do piicutJun of sheets of (lame, at a distance one behind the other (by 
which their light raigfit be brought to any required intensity), wouM com; 
municatc to (he heat of the resulting compound ray the penetrating ehtt- , 
racier which distinguishes the solar calorific rays. We may olsoonerve, 
tliut the tnin(iuillity of the sun's polar, as compared with its equatorial 
regions (if its s])ots be really atmospheric), cannot be accounted for l^ iH 
rotation on its axis only, but muxl arise from some cause external to the 
sun, as we see the belts of Jupiter and Saturn, and our trade- winds, arise 
from a cause, external to these planets, combining itself with their rota- 
tion, which alone can produce no motions when onoe the form of equili- 
brium is attained. 

The prismatic analysis of the solar beam exhibits in the spectrum a 
series of " fixed lines,'"^ totally unlike those which belone to the light of 
any known terrestrial flame. This may hereafter lead us to a cleuer 
insight into its origin. But, before we can dmw any conclusiom Ihim 
such an indication, we must recollect, that previous to reaching us it hM 
undergone the whole alieorptive action of our atmoBf^ere* a« well U of 
the sun's. Of the latter wo know nothing, and may cor^ecture e^eiy 
thing ; but of the blue colour of the former we are sure ; and if ^tm be 
an inherent (i. e. an absorptive) colour, the air must be expected to act 
on the spectrum after the analofry of other coloured media, whidi often 
(and especiaUif light blue media) leave unabsorbed portions separated bf 
dark intervals. It deserves inquiry, dierefore, whether some or all tho 
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CHAPTER VI. 

Of the Moon — ^Its sidereal Period — ^Its apparent Diameter — ^Its Parallaj^ 
Distaance, and real Diameter — Firet Aj^iroximation to itt Orbit— An 
Ellipie about the Earth in the Foc«»--Its ficoBntricity and Inclina- 
li(m — ^Motion of the Nodes of its Orbit — Occultations— Solar Eclipses 
— Phases of die JVfoon — Its sjmodical Period — Lunar Eclipses — 
Moti(» of the Apsides of its Orbit — Physical Constitution of the Mooil 
— Ub MountaioB — Atmosphere — Rotation on Axis — ^Libratioii — ^Ap* 
pearance of the Earth firom it 

(388.) The ihooh, like the sun, appears to advance 
among die stars with a morement contrary to the general 
iiurnai motion of the heavens, but much more rapid, so 
AS to be very readily perceived (as we have before ob- 
served) by a few hours' cursory attention on any moon- 
light night By this continual advance, whioh, though 
sometimes quicker, sometimes slower, is never intermit- 
ted or reversed, it makes the tour of the heavens in a 
mean or average period of 27** 7** 43" 11 "'S, returning, 
in that time, to a position among the stars nearly coin- 
cident with that it had before, and which would be ex- 
actly so, but for causes presently to be stated, 

(339«) The moon, then, like the sun, apparently de- 
scribes an orbit round tiie earth, and this orbit cannot be 
very different from a circle, because the apparent angular 
diameter of the full moon is not liable to any great extent 
of variation. 

(340.) The distance of the waooa from the earth is 
concluded from its horizontal parallax, which may be found 
either direcdy, by observations at remote geographical 
stations, exactly similar to those described in art* 302, 
tn the case of the sun, or by means of the phenomena 
called oeeultations (art 346), from which also its appa- 
rent diameter is most readily and correctly found. From 
such observations it results that the mean or average dis- 

fixed hues observed by WoUaston and Fraunhoier may not have theit 
srigin in our own aUowipltkere. Experiments made on loAy mountains^ 
er uie ears of balloons, on the one hand, and on the other with reflected 
beams which have been made to travenw several miles of additional air 
near the surface, would decide this point Hie absorptive effect of the 
•un*s atmosphere, and possibly also of the medium surroundlus it (what- 
ever it be), whioh rariifei the motions of comets, fianiiot b« thus eiimioated. 

T 
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tance of the centre of the moon from that of the earth 
is 59*9643 of the earth's equatorial radii, or about 
237,000 miles. This distance, great as it is, is little 
more than one fourth of the diameter of the sun's body, 
80 that the globe of the sun would nearly twice include 
the whole orbit of the moon ; a consideration wonderfully 
calculated to raise our ideas of that stupendous lumi- 
nary ! 

(341.) The distance of the moon's centre from an ob- 
server at any station on the earth's surface, compared 
with its apparent angular diameter as measured from that 
station, will give its real or linear diameter. Now, the 
former distance is easily calculated when the distance 
from the earth's centre is known, and the apparent zenith 
distance of the moon also determined by observation; 
for if we turn to the figure of art. 298, and suppose S the 
moon, A the station, and C the earth's centre, the dis- 
tance SC, and the earth's radius OA, two sides of the 
triangle ACS are given, and the angle CAS, which is the 
supplement of ZAS, the observed zenith distance, whence 
it is easy to find AS, the moon's distance from A. From 
such observations and calculations it results, that the 
real diameter of the moon is 2160 miles, or about 0*2729 
of that of the earth, whence it follows that the balk of 
the latter being considered as 1, that of the former will 
be 0-0204, or about yV- 

(342.) By a series of observations, such as described 
in art. 340, if continued during one or more revolutions 
of the moon, its real distance may be ascertained at every 
point of its orbit ; and if at the same time its apparent 
places in the heavens be observed, and reduced by means 
of its parallax to the earth's centre, their angular inter- 
vals will become known, so that the path of the moon 
may then be laid down on a chart supposed to represent 
the plane in which its orbit lies, just as was explained in 
the case of the solar ellipse (art. 292). Now, when this 
is done, it is found that, neglecting certain small (thongfa 
, very perceptible) deviations (of which a satisfactory ac- 
count will hereafter be rendered), the form of the appa- 
rent orbit, like that of the sun, is elliptic, but consider- 
ably more eccentric, thfi occentricity ? mounting to 0^06484 
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of the mean distance, or the major semi-axis of the ellipse, 
and the earth's centre being situated in its focus. 

(343.) The plane in which this orbit lies is not the 
ecliptic, however, but is inclined to it at an angle of 5^ 
8' 48", which is called the inclination of the lunar orbit, 
and intersects it in two opposite points, which are called 
its node — the ascending node being that in which the 
moon passes from the southern side of the ecliptic to the 
northern, and the descending the reverse. The points 
of the orbit at which the moon is nearest to, and farthest 
from, the earth, are called respectively its perigee and 
eepogee, and the line joining them and the earth the line 
of apsides. 

(344.) There are, however, several remarkable cir- 
cumstances which interrupt the closeness of the analogy, 
which cannot fail to strike the reader, between the mo- 
tion of the moon around the earth, and of the earth round 
tiie sun. In the latter case, the ellipse described remains, 
during a great many revolutions, unaltered in its position 
and dimensions ; or, at least, the changes which it under- 
goes are not pereeptible but in a course of very nice ob- 
servations, which have disclosed, it is true, the existence 
of *' perturbations," but of so minute an order, that, in 
ordinary parlance, and for common purposes, we may 
leave them unconsidered. But this cannot be done in 
the case of the moon. Even in a single revolution, its 
deviation from a perfect ellipse is very sensible. It does 
not return to the same exact position among the stars 
(rom which it set out, tliereby indicating a continual 
change in the plane of its orbit. And, in effect, if we 
trace by observation, from month to month, the point 
where it traverses the ecliptic, we shall find that the nodes 
of its orbit are in a continual state of retreat upon the 
ecliptic. Suppose O to be the earth, and A bad thai 
portion of the plane of the ecliptic which is intersected 
by the moon, in its alternate passages through it, from 
south to north, and vice versa ; and let ABCDEF be a 
portion of the moon's orbit, embracing a complete side- 
real revolution. Suppose it to set out from the ascending 
node, A ; then, if the orbit lay all in one plane, passing 
through (), it would have a, iixe opposite point in th& 
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ecliptic, for its descending node ; afler passing which, it 
would again ascend at A. But, in fact, its real path car- 




ries it not to a, but along a certain curve« ABC, to C a^ 
point in the ecliptic less than 180^ distant from A ; so 
that tlie angle AOC, or the arc of longitude described 
between the ascending and the descending acKfe, is some- 
what less than 180°. It then pursues its course below 
the ecliptic, along the curve ODE, and rises again above 
it, not at the point c, diametrically opposite to C, but at 
a point E, less advanced in longitude. On the whole, 
then, the arc described in longitude between two eosse- 
eutive passages from south to north, through the [^aoe 
of the ecliptic, falls short of 360*" by the angle AO£ $ 
or, in other words, the ascending node appears to have 
retreated in one lunation, on the f^bne of the ediptic by 
that amount. To complete a sidereal revohitioB, thmi, it 
must still go on to describe an are, AF, on its oxbit, 
which will no longer, however, bring it exactly baek to 
A, but to a point somewhat above it, or havinff north laii' 
tude. 

(345.) The actual amount of this retreat of tlie moon's 
node is about 3' 10"*64 per diem^ on an average, and in 
a period of 67a3*39 mean solar days, or about 18*6 years, 
the ascending node is carried round in a direction con- 
trary to the moon's motion in its ojrbit (or from east to 
west) over a whole circumference of the ediptic. Of 
course, in the middle of this period the position of the 
orbit must have been precisely reversed from what it was 
at the beginning. Its apparent path, then, will lie among 
totally different stars and constellations at different parts 
of this period ; and, this kind of spiral revolution being 
continually kept up, it wiU, at one time or other, covei 
with ita disc every point of the heavens within thai 



€HAP« VU] ECLIPSES AKD OCCULTATiONS^ 207 

limit of latitude or distance from the ecliptic which its 
inclination permits ; that is to say, a belt or zone of the 
heavens, of 10° 18' in breadth, having the ecliptic for its 
middle line. Nevertheless, it still remains true that the 
acttcal place of the moon, in consequence of this motion, 
deviates in a single revolution very little from what it 
would be were tha nodes at rest. Supposing the moon 
to set out from its node A, its latitude, when it comes to 
F, having completed a revolution in longitude, will not 
exceed 8' ; and it must be borne in mind that it is to ac- 
count for, and represent geometrically, a deviation of tliis 
small order, that the motion of the nodes is devised. 

(346.) Now, as the moon is at a very moderate dis- 
tance from us (astronomically speaking), and is in fact 
our nearest neighbour, while the sun and stars are in 
comparison immensely beyond it, it must of necessity 
happen, that at one time or other it must pass over and 
occult or eclipse every star and planet within the zone 
above described (and, as seen from the surface of earth, 
even somewhat beyond it, by reason of parallax, which 
may throw it apparently nearly a degree either way 
from its place as seen from the centre, according to the 
observer's station). Nor is the sun itself exempt from 
being thus hidden, whenever any part of the moon's 
disc, in this her tortuous course, comes to overlap any 
part of the space occupied in the heavens by that lumi- 
nary. On these occasions is exhibited the most striking 
and impressive of all the occasional phenomena of astro- 
nomy, an eclipse of the sun, in which a greater or less 
portion, or even in some rare conjunctures the whole, of 
its disc is obscured, and, as it were, obliterated, by the 
superposition of that of the moon, which appears upon 
it as a circularly-terminated black spot, producing a 
temporary diminution of daylight, or even nocturnal 
darkness, so that the stars appear as if at midnight. In 
other cases, when, at the moment that the moon is cen- 
traUy superposed on the sun, it so happens that her dis- 
tance from the earth is such as to render her angular 
diameter less than the sun's, the very singular pheno- 
menon of an annular solar ecUpse takes place, when 
(he edge of the sun appears for a few minutes as a nar- 
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row ring of light, projecting on all sides beyond the dark 
circle occupied by the moon in its centre, 

(347.) A solar eclipse can only happen when the snn 
and moon are in conjunction^ that is to say, have the 
same, or nearly the same, position in the heavens, or the 
same longitude. It will presently be seen that thiB con- 
dition can only be fulfilled at the time of a new moon, 
through it by no means follows, that at every conjmiction 
there must be an eclipse of the sun. If the lunar orbit 
coincided with the ecliptic, this wonid be the case, bot 
as it is inclined to it at an angle of upwards of 5*^, it is evi- 
dent that the conjunction, or equality of longitodes, may 
take place when the moon is in the part of ber offoit too 
remote from the ecliptic to permit the dises to meet and 
overlap. It is easy, however, to assign the limits within 
which an eclipse is possible. To this end we most eon- 
sider, that, by the effect of parallax, the moon*s ^gtpo' 
rent edge may be thrown in any direction, aecording to 
a spectator's geographical station, by any amount not 
exceeding the horizontal parallax. Now, tfiis comes to 
the same (so far as the possibility of an eclipse is con- 
cerned) as if the apparent diameter of the moon, seen 
from the earth's centre, were dilated by twice its hori- 
zontal parallax ; for, if, when so dilated, it can touch or 
overlap the sun, there must be an eclipse at some part or 
other of the earth's surface. If, then, at the moment of 
the nearest conjunction, the geocentric distance of the 
centres of the two luminaries do not exceed the sum of 
their semidiameters and of the moon's horizontal paral- 
lax, there will be an eclipse. This sum is, at its maxi- 
mum, about l"" 34' 27". In the spherical triai^e 8NM» 




then, in which S is the sun's centre, M the moon's, SN 
the ecliptic, MN the moon's orbit, and N the node, we 
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may suppose the angle NSM a right angle, 8Msl° 34' 
27", and the angle MNS=x5° 8' 48", the inclination of 
the orbit. Hence we calculate SN, which comes out 
16° 58'. If, then, at the moment of the new moon, the 
moon's node is farther from the sun in longitude than 
this limit, there can be no eclipse ; if within, there may, 
and probably will, at some part or other of the earth* 
To ascertain precisely whether there will or not, and, 
if there be, how great will be the part eclipsed, the solar 
and lunar tables must be consulted, the place of the node 
and the semidiameters exactly ascertained, and the local 
parallax, and apparent augmentation of the moon's dia- 
meter due to the difference of her distance from the 
observer and from the centre of the earth (which may 
amount to a sixtieth part of her horizontal diameter), 
determined ; afVer which it is easy, from the above con- 
siderations, to calculate the amount overlapped of the 
two discs, and their moment of contact. 

(348.) The calculation of the occultation of a star 
depends on similar considerations. An occultation is 
possible, when the moon's course, as seen from the 
earth's centre, carries her within a distance from the 
star equal to the sum of her semidiameter and horizontal 
parallax; and it toill happen at any particular spotf 
when her apparent path, as seen from that spot, carries 
her centre within a distance equal to the sum of her 
augmented semidiameter and actual parallax. The de- 
tails of these calculations, which are somewhat trouble- 
some, must be sought elsewhere.* 

(349.) The phenomenon of a solar eclipse and of an 
occultation are highly interesting and instructive in a 
physical point of view. They teach us that the moon 
is an opaque body, terminated by a real and sharply de- 
fined surface intercepting light like a solid. They prove 
to us, also, that at those times when we cannot see the 
moon, she really exists, and pursues her course, and 
that when we see her only as a crescent, however nar 
row, the whole globular body is there^ filling up the de- 
ficient outline, though unseen. For occultations take 
place indifferently at the dark and bright, the visible and 

*Woodhou»e*iArtroiioiiiy,voLi. SeealfolVaoi. AfltSoc.volLp.8SSl 
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invisible outline, whichever happens to be towards the 
direction in which the moon is moving ; with this only 
difference, that a star occulted by the bright limb, if the 
phenomenon be watched with a telescope, gives notice, 
by its gradual approach to the visible edge, when to ex- 
pect its disappearance, while, if occulted at the dark 
limb, if the moon, at least, be more than a few days 
old, it is, as it were, extinguished in mid-air, without 
notice or visible cause for its disappearance, which, as 
it happens instantaneously^ and without the slightest 
previous diminution of its light, is always surprising ; 
and, if the star be a large and bright one, even startling 
from its suddenness. The reappearance of the star, too, 
when the moon has passed over it, takes place in those 
cases when the bright side of tlie moon is foremost, not 
at the concave outline of the crescent, but at the invisible 
outline of the complete circle, and is scarcely less sur- 
prising, from its suddenness, than its disappearance in 
the other case.* 

(350.) The existence of the complete circle of the disc, 
even when the moon is not full, does not, however, rest 
only on the evidence of occultations and eclipses. It 
may be seen, when the moon is crescent or waning, a few 
days before and after the new moon, with the naked eye, 
as a pale round body to which the crescent seems attach- 
ed, and somewhat projecting beyond its, outline (which 
is an optical illusion arising from the greater intensity of 
its light). The cause of this appearance will presently 
be explained. Meanwhile the fact is sufficient to show 

* There is an optical illusion of a very sUtinge and unaccountable dbp 
ture which ha^i often been remarked in occultations. The star appean 
to advance actually upon and within the edge of the disc before it oinp' 
pears, and that sometimes to a considerable depth. I have never myaeif 
witnessed this singular effect, but it rests on. most unequivocal testimoay. 
I have called it an optical illusion ; but it is bardy possible that a alar 
may shine on such occa.<<ions through deep fissures in the substance of 
the moon. The occultations of close double stars ought to be narrowly 
watched, to see whether hath individuals are thus projected^ as well aa 
for other purposes connected with their theoiy. I will only hint at one^ 
viz. that a double star, too dose to be seen divided with any teleaoop6b 
may yet be detected to be double by the mode of its disappearance. 
Should a considerable star, for instance, instead of underg(»ing instanta- 
neous and complete extinction, go out by two distinct steps, following 
close upon each other ; first losing a portion, then the whole remainder 
of its light, we may be sure it is a double star, though we cannot aee Iha 
individuals separately. — AuiUior. 
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that the moon is not inherently luminous like the sun, 
but chat her light is of an adventitious nature. And its 
crescent form, increasing regularly from a narrow 
semicircular line to a complete circular disc, corres- 
ponds to the appearance a globe would present, one he- 
misphere of which was black, the other white, when dif- 
ferently turned towards the eye, so as to present a great- 
er or less portion of each. The obvious conclusion from 
this is, that the moon is such a globe, one half of which 
is brightened by the rays of some luminary sufficiently 
distant to enlighten the complete hemisphere, and suffi- 
ciently intense to give it the degree of splendour we see. 
Now, the sun alone is competent to such an effect. Its 
listance and light suffice ; and, moreover, it is invariably 
observed that, when a crescent, the bright edge is towards 
the sun, and that in proportion as the moon in her monthly 
course becomes more and more distant from the sun, the 
breadth of the crescent increases, and vice versa. 

(351.) The sun's distance being 23084 radii of the 
earth, and the moon's only 60, the former is nearly 400 
times the latter. Lines, Uierefore, drawn from the sun 
to every part of the moon's orbit may be regarded as par- 
allel. Suppose, now, Q to be the earth, ABCD, &>c. 




various positions of the moon in its orbit, and S the sun- 
at the vast distance above stated ; as is shown^ then, i^ 
the figure, the hemisphere of the lunar globe turned tc 
wards it (on the right) will be bright, the opposite < II 
wherever it may stand in its orbit. Now, in the pot 

Af when »• '"miiin<»tinrr VI t^ 'h6 ^tt"-. *>« '1»"^ 
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entirely turned towards O, and the bright from it. In 
tliis case, then, the moon is not seen* it is new moon. 
When the moon has come to C, half the bright and half 
the dark hemisphere are presented to O, and the same in 
the opposite situation G : these are the first and third 
quarters of the moon. Lastly, when at E, tlie whole 
briglit face is towards the earth, the whole dark side from 
it, and it is then seen wholly bright or full moon. In the 
intermediate positions BDFH, the portions of the 
bright face presented to O will be at first less than half 
the visible surface, then greater, and finally less again, 
till it vanishes altogether, as it comes round again to A. 

(352.) These monthly changes of appearance, oi 
phases, as they are called, arise, then, from the moon, an 
opaque body, being illuminated on one side by the sun, 
and reflecting from it, in all directions, a portion of the 
light so received. Nor let it be thought surprising tha\ 
a solid substance thus illuminated should appear to shint 
and again illuminate the earth. It is no more than a 
white cloud does standing off upon the clear blue sky. 
l>y day, the moon can hardly be distinguished in bright' 
ness from such a cloud ; and, in the dusk of evening, 
clouds catching the last rays of the sun appear with a 
dazzling splendour, not inferior to the seeming brightness 
of the moon at night. That the earth sends also such a •, 
light to tlie moon, only probably more powerful by rea- 
son of its greater apparent size,* is agreeable to optical 
principles, and explains the appearance of the dark por- 
tion of the young moon completing its crescent (art. 850). 
For, when the moon is nearly new to the earth, the lat- 
ter (so to speak) is nearly full to the former; it then illu- 
minates it^ dark half by strong earth-light ; and it is a 
portion of tliis, reflected back again, which makes it visi- 
ble to us in the twilight sky. As the moon gains age, 
the eartli offers it a less portion of its bright side, and uie 
phenomenon in question dies away. 

(353.) The lunar month is determined by the recnr- 
rence of its phases ; it reckons from new moon to new 

* The apparent diameter of the moon is 32' from the earth ; that of the 
earth seen from the moon is twice her horizontal paraUax, or 1" M'. Thf 
ejiparent surfaces, iliercfore, are as (114)3 . f^p^ or at 13 : 1 nearly 
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moon ; that is, from leaving its conjunction with the sun 
to its return to conjunction. If the sun stood still, like a 
fixed star, the interval between two conjunctions would 
be the same as the period of the moon's sidereal revolu- 
tion (art. 338) ; but, as the sun apparently advances in 
the heavens in the same direction with the moon, only 
slower, the latter has more than a complete sidereal pe- 
riod to perform to come up with the sun again, and will 
require Tor it a longer time, which is the lunar month, 
or, as it is generally termed in astronomy, a synodical 
period. The difference is easily calculated by consider- 
ing that the superfluous arc (whatever it be) is described 
by the sun with his velocity of 0° -98565 per diem, in 
the same time that the moon describes that arc plus a 
complete revolution, with her velocity of 13° '17 640 per 
dien\ ; and, the times of description being identical, the 
spaces are to each other in the proportion of the veloci- 
ties.* From these data a slight knowledge of arithmetic 
will suffice to derive the arc in question, and the time 
of its description by the moon ; which, being the excess 
of the synodic over the sidereal period, the former will 
be had, and will appear to be 29* 12** 44"2»-87. 

(354.) Supposing the position of the nodes of the 
moon's orbit to permit it, when the moon stands at A 
(or at the new moon), it will intercept a part or the 
whole of the sun's rays, and cause a solar eclipse. On 
the other hand, when at E (or at the full moon), the 
earth O will intercept the rays of the sun, and cast a 
shadotv on the moon, thereby causing a lunar eclipse. 
And this is perfectly consonant to fact, such eclipses 
never happening but at the exact time of the full moon. 
But, what is still more remarkable, as confirmatory of 
the position of the earth's sphericity, this shadow, which 
we plainly see to enter upon, and, as it were, eat away * 
the disc of the moon, is always terminated by a circular 
outline, though, from the greater size of the circle, it is 

* Let V and v be the mean angular velocities, » the superflnous arc 
then V : V : : I -f>x : x ; and V — v : v : : I : x, whenoex is ibund,and- =:the 

V 

time of describing «, or the difierence of the sidereal anid synodical peri* 
ods. We shall mve occasion lor this again. 
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row ring of light, projecting on all ndes beyond the d&ri[ 
circle occupied by the moon in its centre. 

(347.) A solar eclipse can only fasppen when the mm 
and moon are in conjunctian^ uiat » to say, haye the 
same, or nearly the same, position in the heayens, or the 
same longitude. It will presently be seen that this con- 
dition can only be ful^led at the time of a new moon, 
through it by no means follows, that at every eonjnnction 
there must be an eclipse of the sun. If the lunar orbit 
eoincided with the ecliptic, this would be the ease, hot 
as it is inclined to it at an angle of upwards of 6^, it is eri- 
dent that the conjunction, or equality of longitudes, mar 
take place when the moon is in the part of ber orbit too 
remote from the ecliptic to permit the discs to meet and 
overlap. It is easy, however, to assign the limits within 
which an eclipse is possible. To this end we most ooo- 
sider, that, by the effect of parallax, the moon*s tippff' 
rent edge may be thrown in any direction, according to 
a spectator's geographical station, by any amount not 
exceeding the horizontal parallax. Now, this comes to 
the same (so far as the possibility of an eclipse is con- 
cerned) as if the apparent diameter of the moon, sees 
from the earth's centre, were dilated by twice its hori- 
zontal parallax ; for, if, when so dilated, it can tonch or 
overlap the sun, there micst be an edipse at some part or 
other of the earth's surface. If, then, at the moment of 
the nearest conjunction, the geocentric distance of the 
centres of the two luminaries do not exceed the sum of 
their semidiameters and of the moon's horizontal paral- 
lax, there will be an eclipse. This sum is, at its maxi- 
mum, about V 34' 27". In the spherical trian^e 8NM, 




then, in which S is the sun's centre, M the moon's, SN 
the celiptic, MN the moon's orbit, and N the node^ we 
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may suppose the angle NSM a right angle, SMaal^ 34' 
27", and the angle MNS=n5° 8' 48", the inclination of 
the orbit. Hence we calculate SN, which comes out 
16° 58'. If, then, at the moment of the new moon, the 
moon's node is farther from the sun in longitude than 
this limit, there can be no eclipse ; if within, there may, 
and probably will, at some part or other of the earth* 
To ascertain precisely whether there will or not, and, 
if there be, how great will be the part eclipsed, the solar 
and lunar tables must be consulted, the place of the node 
and the semidiameters exactly ascertained, and the local 
parallax, and apparent augmentation of the moon's dia- 
meter due to the difference of her distance from the 
observer and from the centre of the earth (which may 
amount to a sixtieth part of her horizontal diameter), 
determined ; after which it is easy, from the above con- 
siderations, to calculate the amount overlapped of the 
two discs, and their moment of contact. 

(348.) The calculation of the occultation of a star 
depends on similar considerations. An occultation is 
possible, when the moon's course, aa seen from the 
earth's centre, carries her within a distance from the 
star equal to the sum of her semidiameter and horizontal 
parallax; and it toill happen at any particular spotf 
when her apparent path, as seen from that spot, carries 
her centre within a distance equal to the sum of her 
augmented semidiameter and actual parallax. The de- 
tails of these calculations, which are somewhat trouble* 
some, must be sought elsewhere.* 

(349.^ The phenomenon of a solar eclipse and of an 
occultation are highly interesting and instructive in a 
physical point of view. They teach us that the moon 
is an opaque body, terminated by a real and sharply de- 
fined surface intercepting light like a solid. They prove 
to us, also, that at those times when we cannot see the 
moon, she really exists, and pursues her course, and 
that when we see her only as a crescent, however nar 
row, the whole globular body is therCf filling up the de- 
ficient outline, though unseen. For occultations take 
place indifferently at the dark and bright, the visible and 

*Woodliou»e'8Artroiioniy,voLi. SeealioTrani. AfltSoc.voI.Lp.8SSl 
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to have been known to the Chaldeans, under the name of 
the saws; the regular return of eclipses having been 
known as a physical fact for ages before their exact the- 
ory was understood. 

(358.) The commencement, duration, and magnitude 
of a lunar eclipse are much more easily calculated than 
those of a solar, being independent of the position of the 
spectator on the earth's surface, and the same as if view- 
ed from its centre. The common centre of the umbra 
and penumbra lies always in the ecliptic, at a point oppo- 
site to the sun, and the path described by the moon in pass- 
ing through it is its true orbit, as it stands at the moment 
of the full moon. In this orbit, its position, at every in- 
stant, is known from the lunar tables and ephemeris ; and 
all we have, therefore, to ascertain is, the moment when 
the distance between the moon's centre and the centre of 
the shadow is exactly equal to the sum of the semidiamc- 
ters of the moon and penumbra^ or of the moon and 
umbra, to know when it enters upon and leaves them re- 
spectively. 

(359.) The dimensions of the shadow, at the place 
where it crosses the moon's path, require us to know 
the distances of the sun and moon at the time. These 
are variable ; but are calculated and set down, as well as 
their semidiameters, for every day, in the ephemeris, so 
that none of the data are wanting. The sun's distance is 
easily calculated from its elliptic orbit ; but the moon's 
is a matter of more difficulty, for a reason we will now 
explain. 

(360.) The moon's orbit, as we have before hinted, is 
not, strictly speaking, an ellipse returning into itself, by 
reason of the variation of the plane in which it lies, and 
the motion of its nodes. But even laying aside this con- 
sideration, the axis of the ellipse is itself constantly 
changing its direction in space, as has been already stated 
of the solar ellipse, but much more rapidly ; making a 
complete revolution, in the same direction with the moon's 
own motion, in 3232-5753 mean solar days, or about 
nine years, being about 3° of angular motion in a whole 
revolution of the moon. This is the phenomenon known 
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by the name of the revolution of the moon's apsides. Its 
cause will be hereafter explained. Its immediate effect 
is to produce a variation in the moon's distance from the 
earth, which is not included in the laws of exact elliptic 
motion. In a single revolution of the moon, this varia- 
tion of distance is trifling ; but in the course of many it 
becomes considerable, as is easily seen, if we consider 
that in four years and a half the position of the axis will 
be completely reversed, and the apogee of the moon will 
occur where the perigee occurred before. 

(361.) The best way to form a distinct conception of 
the moon's motion is to regard it as describing an ellipse 
about the earth in the focus, and, at the same time, to re- 
gard this ellipse itself to be in a twofold state of revolu- 
tion ; 1st, in its own plane, by a continual advance of its 
axis in that plane ; and 2dly, by a continual tilting mo- 
tion of the plane itself, exactly similar to, but much more 
rapid than, that of the earth's equator produced by the 
conical motion of its axis described in art. 266. 

(362.) The physical constitution of the moon is better 
known to us than that of any other heavenly body. By 
the aid of telescopes, we discern inequalities in its sur- 
face which can be no other than mountains and valleys— 
for this plain reason, that we see the shadows cast by the 
former in the exact proportion as to length which they 
ought to have, when we take into account the inclination 
of the sun's rays to that part of the moon's surface on 
which they stand. The convex outline of the limb turned 
towards the sun is always circular, and very nearly 
smooth ; but the opposite border of the enlightened part, 
which (were the moon a perfect sphere) ought to be an 
exact and sharply defined ellipse, is always observed to 
be extremely ragged, and indented with deep recesses 
and prominent points. The mountains near this edge 
cast long black shadows, as they should evidently do, 
when we consider that the sun is in the act of rising or 
setting to the parts of the moon so circumstanced. But 
as the enlightened edge advances beyond them> t. e. as 
the sun to them gains altitude, their shadows shorten ; 
and at the full moon, when all the light falls in our Uqq 
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of sight, no shadows are seen on any part of her surface. '■ 
From micrometrical measures of the lengths of the sha- 
dows of many of the more conspicnoas mountains, taken 
under the most favourable circumstances, the heights of 
many of them have been calculated ; the highest being 
about 1 1 English miles in perpendiciilar altitude. The 
existence of such mountains is corroborated by their ap- 
pearance as small points or islands of light beyond the 
extreme edge of the enlightened part, which are their 
tops catching the sunbeams before the intermediate 
plain, and which, as the light advances, at length connect 
themselves with it, and appear as prominences from the 
general edge. 

(363.) The generality of the lunar mountains present a 
striking uniformity and singularity of aspect. They are 
wonderfully numerous, occupying by far the larger per- £ 

tion of the surface, and almost universaUy of an exactlj 
circular or cup-shaped form, foreshortened, however, into 
ellipses towards the limb ; but the larger have -for the 
most part flat bottoms within, from which rises centrally 
a small, steep, conical hill. They offer, in short, in its 
highest perfection, the true vokanic character, as it may 
be seen in the crater of Vesuvius, and in a map of the 
volcanic districts of tlie Campi Phlegnei* or the Puy de 
D6me. And in some of the principal ones, decisive 
marks of volcanic stratification, arising from successive 
depositcs of ejected matter, may be clearly traced with 
powerful telescopes. t What is, moreover, extremely 
singular in the geology of the moon is, that although no- 
thing having the character of seas can be traced (for the 
dusky spots which are commonly called seas, when 
closely examined, present appearances incompatible with 
the supposition of deep water), yet there are large re- 
gions perfectly level, and apparently of a decided alluvial 
character. 

(3G4.) The moon has no clouds, nor any other indi- 
cations of an atmosphere. Were there any, it could not 
fail to be perceived in the occultations of stars and the 
phenomena of solar eclipses. Hence its climate must. 

* See Breitlak's map of the envixont of Naplei» and Demareat'a «f 
Auvergne. 
t From my own obBervationB.— AuMor. 
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be very extraordinary ; the alternation being that of un- 
mitigated and burning sunshine, fiercer than an equatorial 
noon, continued for a whole fortnight, and the keenest 
severity of frost, far exceeding that of our polar winters, 
for an equal time. Such a disposition of things must 
produce a constant transfer of whatever moisture may 
exist on its surface, from the point beneath the sun to 
that opposite, by distillation in vacuo after the manner 
of the little instrument called a cryophoros. . The con- 
sequence must be absolute aridity below the vertical sun, 
constant accretion of hoar frost in the opposite region, 
and, perhaps, a narrow zone of running water at the 
borders of the enlightened hemisphere. It is possible, 
then, that evaporation on the one hand, and condensation 
on the other, may to a certain extent preserve an equili- 
brium of temperature, and mitigate the extreme severity 
of both climates. 

(365.) A circle of one second in diameter, as seen 
from the earth, on the surface of the moon, contains 
about a square mile. Telescopes, therefore, must yet be 
greatly improved, before we could expect to see signs of 
inhabitants, as manifested by edifices or by changes on 
the surface of the soil. It should, however, be observed, 
that, owing to the small density of the materials of the 
moon, and the comparatively feeble gravitation of bodies 
on her surface, muscular force would there go six times 
as far in overcoming the weight of materials as on the 
earth. Owing to tlie want of air, however, it seems im- 
possible that any form of life analogous to those on earth 
can subsist there. No appearance indicating vegetation, 
or the slightest variation of surface which can fairly be 
ascribed to change of season, can any where be discerned. 
(366.) The lunar summer and winter arise, in fact, 
from the rotation of the moon on its own axis, the period 
of which rotation is exactly equal to its sidereal revolu- 
tion about the earth, and is performed in a plane 1° 30' 
11" inclined to the ecliptic, and therefore nearly coinci- 
dent with her own orbit. This is the cause why we ai 
»^ays see the same face of the moon, and have no ^ ^w 
edge of the other side. This remarkable '^ * 
,f «" ><*«'iod8y which at first sight w«uJ'^ 

U2 



212 A TREATISE ON A8TRONOMT. []CKAF. TI. 

cnlin'ly turned towards O, and the bright from it. In 
til is ivdHC, then, the moon is not seen, it is new moon, 
\Vhen the moon has come to C, half the bright and half 
the dark hemisphere are presented to O, and the same iu 
the opposite situation G : these are the first and third 
quarters of the moon. Lastly, when at E, the whole 
hritrlit f:ioe is towards the earth, the whole dark side from 
it, and it is tlien seen wholly bright ox full moon. In the 
intermediate positions BDFH, the portions of the 
bright face presented to O will be at first less than half 
the visil)le surface, then greater, and finally less again, 
till it vanishes altogether, as it comes round again to A. 

(:i52.) These monthly changes of appearance, oi 
pha.sv8, as they are called, arise, then, from the moon, an 
opa(|ue body, being illuminated on one side by the sun, 
and reflecting from it, in all directions, a portion of the 
liffht so received. Nor let it be thought surprising thai 
a solid substance thus illuminated should appear to shim 
and again illuminate the earth. It is no more than a 
white cloud does standing off upon the clear blue sky. 
l^y day, the moon can hardly be distinguished in bright- 
ness from such a cloud ; and, in the dusk of eveniug, 
clouds catching the hist rays of the sun appear with a 
dazzling splendour, not inferior to the seeming brightness 
of th(; moon at night. That the earth sends also such a 
light to the moon, only probably more powerful by rea- 
son ol' its greater apparent size,^ is agreeable to optical 
l)rinciplcs, and explains the appearance of the dark por- 
tion of die young moon completing its crescent (art. 850). 
For, when the moon is nearly new to the earth, the lat- 
ter (so to speak) is nearly full to the former; it then illu- 
miiiates its dark half by strong earth-light ; and it is a 
portion of this, reflected back again, which makes it visi- 
ble to us in the twilight sky. As the moon gains age, 
the earth offers it a less portion of its bright side, and 3i6 
plienomcnon in question dies away. 

(353.) The lunar month is determined by the recur- 
rence of its phases ; it reckons from new moon to new 

♦ The apparent diamotcrof Uie moon is 32' from the earth ; that of the 
earth seen Irom the mam w twice her horizontal parallax, or 1'* W. Thf 
0]»parciit surfaces, Uiercfore, arc as (114)2 . (32;5 or «■ 13 : 1 nearly 
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moon ; that is, from leaving its conjunction with the sun 
to its return to conjunction. If the sun stood still, like a 
fixed star, the interval between two conjunctions would 
be the same as the period of the moon's sidereal revolu- 
tion (art. 338) ; but, as the sun apparently advances in 
the heavens in the same direction with the moon, only 
slower, the latter has more than a complete sidereal pe- 
riod to perform to come up with the sun again, and will 
require Tor it a longer time, which is the lunar month, 
or, as it is generally termed in astronomy, a synodical 
period. The difference is easily calculated by consider- 
ing that the superfluous arc (whatever it be) is described 
by the sun with his velocity of 0° •98565 per diem, in 
the same time that the moon describes that arc plus a 
complete revolution, with her velocity of 13°'17640/)cr 
dien\ ; and, the times of description being identical, the 
spaces are to each other in the proportion of the veloci- 
ties.* From these data a slight knowledge of arithmetic 
will suffice to derive the arc in question, and the time 
of its description by the moon ; which, being the excess 
of the synodic over the sidereal period, the former will 
be had, and will appear to be 29* 12** 44"'2'-87. 

(354.) Supposing the position of the nodes of the 
moon's orbit to permit it, when the moon stands at A 
(or at the new moon), it will intercept a part or the 
whole of the sun's rays, and cause a solar eclipse. On 
the other hand, when at E (or at the full moon), the 
earth O will intercept the rays of the sun, and cast a 
shadow on the moon, thereby causing a lunar eclipse. 
And this is perfectly consonant to fact, such eclipses 
never happening but at the exact time of the full moon. 
But, what is still more remarkable, as confirmatory of 
the position of the earth's sphericity, this shadow, which 
we plainly see to enter upon, and, as it were, eat away * 
the disc of the moon, is always terminated by a circular 
outline, though, from the greater size of the circle, it is 

* Let V and v be the mean angular velodties, » the superfluous arc 
then V : V : : I -^x : x ; and V — v : v : : I : x, whenoex is found, and- sthe 

V 

time of describing «, or the difference of the sidereal anid synodical peri* 
ods. We shall mve orcaakm lor this again. 
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from a stiite of rest, or deflected from their rectilinear 
paths, and changed in their velocities if already in motion, 
it is in consequence of such an i&ffort aomehow exerted, 
though not accompanied with our consciousness. That 
such an effort should be exerted with success through an 
interposed space, is no more difficult to conceive than 
that our hand should communicate motion to a stone, 
with which it is demonstrably not in contact, 

(371.) All bodies with which we are acquainted, when 
raised into the air and quicdy abandoned, descend to the 
earth's surface in lines perpendicular to it. They are 
therefore urged thereto by a force or effort, the direct or 
indirect result of a consciousness and a tcnll existing 
somewhere, though beyond our power to trace, which 
force we term gravity ; and whose tendency or direction, 
as universal experience teaches, is towards the earth's 
centre ; or rather, to speak strictly, with reference to its 
spheroidal figure, perpendicular to the surface of still 
water. But if we cast a body obliquely into tlie air, 
this tendency, though not extinguished or diminished, is 
materially modified in its ultimate effect. The upward 
impetus we give the stone is, it is true, after a time de- 
stroyed, and a downward one communicated to it, which 
ultimately brings it to the surface, where it is opposed in 
its further progress, and brought to rest. But all the 
while it has been continually deflected or bent aside from 
its rectilinear progress, and made to describe a curved 
line concave to the earth's centre ; and having a highest 
point, vertex, or apogee, just as the moon has in its orbil, 
where the direction of its motion is perpendicular to the 
radius. 

(372.) When the stone which we fling obliquely up- 
wards meets and is stopped in its descent by the earth's 
surface, its motion is not towards the centre, but inclined 
to the earth's radius at the same angle as when it quitted 
our hand. As we are sure that, if not stopped by the 
resistance of the earth, it would continue to descend, and 
that obliquely, what presumption, we may ask, is there 
that it would ever reach the centre, to which its motion, 
in no part of its visible course, was ever directed ? What 
reason have we to believe that it might not rather circii- 
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late round it, as the moon does round the earth, returning 
again to the point it set out from, after completing an 
elliptic orbit of which the centre occupies the lower 
focus ? And if so, is it not reasonable to imagine that the 
same force of gravity may (since we know'fiiat it is ex- 
erted at all accessible heights above the surface, and even 
in the highest regions of the atmosphere) extend as far 
as 60 radii of the eaurth, or to the moon ? and may not 
this be the power — ^for some power there must he— 
which deflects her at every instant from the tangent of 
her orbit, and keeps her in the elliptic path which expe- 
rience teaches us she actually pursues ? 

(373.) If a stone be whiiied round at the end of a 
string, it will stretch the string by a centrifugal force,* 
which, if the speed of rotation be sufficiently increased, 
will at length break the string, and let the stone escape. 
However strong the string, it may, by a sufficient rotatory 
velocity of the stone, be brought to the utmost tension it 
will bear without breaking ; and if we know what wei^t 
it is capable of carrying, the velocity necessary for this 
purpose is easily calculated. Suppose, now, a string to 
connect the earth's centre, with a weight at its surface, 
whose strength should be just sufficient to sustain that 
weight suspended from it. Let us, however, for a mo- 
ment imagine gravity to have no existence, and that the 
weight is made to revolve with the Kmiting velocity 
which that string can barely counteract : then will its 
tension be just equal to the weight of the revolving body ; 
and any power which should continually urge the body 
towards the centre with a force equal to its weight would 
perform the office, and might supply the place of the 
string, if divided. Divide it, then, sjdd in its place let 
gravity act, and the body will circulate as before ; its ten- 
dency to the centre, or its weighty being just balanced by 
its centrifugal force. Knowing the radius of the earth, 
we can calculate the periodical time in which a body so 
balanced must circulate to keep it up ; and this appears 
to be 1** 23" 22'. 

(374.) If we make the same calculation for a body at 
the distance of the moon, supposing Us weight or gra^ 
*See Calk Cyc MccaANics, chap^ viiL 
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vity the same an at the eartKs surface^ we shall find the 
period required to be 10** 45"* 30*. The actual period of 
the moon's revolution, however, is 2T* 7* 43" ; and hence 
it is clear that the moon's velocity Is not nearly sufficient 
to sustain it against such a power, supposing it to revolTe 
in a circle, or neglecting (for the present) the slight ellip- 
ticity of its orbit. In order that a body at the distance 
of the moon (or the moon itself) should be capable of 
keeping its distance from the earth by the outward effort 
of its centrifugal force, while yet its time of revolution 
should be what the moon's actually is, it will appear (on 
executing the calculation from the principles laid down 
in Cab. Cyc. Mechanics) that gravity^ instead of being 
as intense as at the surface, would require to be very 
nearly 3600 times less energetic; or, in other words, 
that its intensity is so enfeebled by the remoteness 
of the body on which it acts, as to be capable of 
producing in it, in the same time, only ^^^th part of 
the motion which it would impart to the same mass 
of matter at the earth's surface. 

(375.) The distance of the moon from the earth's 
centre is somewhat less than sixty times the distance 
from the centre to the surface, and 3600 : 1 : : 60* : 1'; 
so that the proportion in which we must admit the earth's 
gravity to be enfeebled at the moon's distance, if it be 
really the force which retains the moon in her orbit, must 
be (at least in this particular instance) that of the squares 
of the distances at which it is compared. Now, in such 
a diminution of energy with increase of distance, there 
is nothing prima facie inadmissible. Emanations from 
a centre, such as light and heat, do really diminish in in- 
tensity by increase of distance, and in this identical pro- 
portion; and though we cannot certainly argue much 
from this analogy, yet we do see that the power of mag- 
netic and electric attractions and repulsions is actually 
enfeebled by distance, and much more rapidly than in 
the simple proportion of the increased distances. The 
argument, therefore, stands thus : — On the one hand, 
gravity is a real power, of whose agency we have daily 
experience. We know that it extends to the greatest ao- 
cessible heights, and far beyond ; and we se? no reasoa 
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for drawing a line at any particular height, and there as- 
serting that it^ust cease entirely ; though we have ana- 
logies to lead us to suppose its energy may diminish 
rapidly as we ascend to great heights from the surface, 
such as that of the moon. On the other hand, we are 
sure the moon is urged towards the earth by some power 
which retains her in her orbit, and that the intensity of 
this power is such as would correspond to a diminished 
gravity, in the proportion — otherwise not improbable— 
of the squares of the distances. If gravity be not that 
power, there must exist some other ; and, besides this, 
gravity must cease at some inferior level, or the nature 
of the moon must be different from that of ponderable 
matter ; — for if not, it would be urged by both powers, 
and therefore too much urged, and forced inwards from 
her path. 

(376.) It is on such an argument that Newton is un- 
derstood to have rested, in the first instance, and provi- 
sionally, his law of universal gravitation, which may be 
thus abstractly stated : — " Every particle of matter in 
the universe attracts every other particle, with a force 
directly proportioned to the mass of the attracting par- 
ticle, and inversely to the square of the distance between 
them." In this abstract and general form, however, the 
proposition is not applicable to the case before us. The 
earth and moon are not mere particles, but great spherical 
bodies, and to such the general law does not immediately 
apply ; and, before we can make it applicable, it becomes 
necessary to inquire what will be the force with which a 
congeries of particles, constituting a solid mass of any as- 
signed figure, will attract another sucli collection of mate- 
rial atoms. This problem is one purely dynamical, and, in 
its general form, is of extreme difficulty. Fortunately, 
however, for human knowledge, when the attracting and 
attracted bodies are spheres, it admits of an easy and di- 
rect solution. Newton himself has shown {Prindp 
b. i. prop. 75) that, in that case, the attraction is pre- 
cisely the same as if the whole matter of each yen 
were collected into o »» i ' 
single particles there p lu ; i 
general law applies in im 
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the trifling^ deviation of the earth from a spherical fbnn 
is of too minute an order to need attention at present 
It is, however, perceptible, and maybe hereafter noticed. 
(377.) The next step in the Newtonian argument is 
one wliich divests the law of gravitation of its provisional 
character, as derived from a loose and superficial consi- 
deraiiori of the lunar orbit as a circle described with an 
avcraji^e or mean velocity, and elevates it to the rank of 
a ^ncral and primordial relation, by proving its applica- 
bility to the state of existing nature in all its detail of 
circumstmces. This step consists in demonstrating, as 
he has done* {Princip. i. 17, i. 75), that, under the in- 
fluence of such an attractive force mutually urging two 
spherical gravitating bodies towards each other, they 
will each, when moving in each other's neighbourhood, 
be dellected into an orbit concave towards the other, and 
describe, one about the other regarded as fixed, or both 
round thcjir common centre of gravity, curves whose 
forms arc limited to those figures known in geometiy by 
the general name of conic sections. It will depend, he 
shows, in any assigned case, upon the particular circum- 
stances of velocity, distance, and direction, which of 
these curves shall be described, — whether an ellipse, a 
circle, a parabola, or an hyperbola ; but one or other it 
must ho ; and any one of any degree of eccentricity it 
may bo, according to the circumstances of the case ; and, 
in all cases, the point to which the motion is referred, 
whctlior it be the centre of one of the spheres, <Mr their 
common centre of gravity, will of necessity be Uie/ocut 
of the conic section described. He shows, furthermore 
{Princip. i. 1), that in every case, the angular velocity 
with which tiie line joining their centres moves, must be 
inversely proportional to the square of their mutual dis- 
tance, and that equal areas of the curves described will 
be swept over by their line of junction in equal times. 

i.<i78.') All this is in conformity with what we have 
staled of the soliir and lunar movements. Their orbits 



* Wo r««ror fitr lhi^«e fundamental piopositionB, as a point of duty, 
ihr immortal work in which ihoy were fiiat propoundedL It ia imnai 
hio lor UN ni thi« volume to go mto these investigatiom : even diSfl 
timik inrmit. ii would he utterly inconsistent with our plan; a m 
id«^. Iiimewr. ol' their conduct will be given in the next eheptan 
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are ellipses, but of different degrees of eccentricity ; and 
this circumstance already indicates the general applicar 
bility of the principles in question. 

(379.) But here we have already, by a natural and 
ready implication (such is always the progress of gene- 
ralization), taken a further and most important step, al- 
most unperceived. We have extended the action of 
gravity to the case of the earth and sun, to a distance 
immensely greater than that of the moon, and to a body 
apparently quite of a different nature from either. Are 
we justified in this ? or, at all events, are there no modi- 
fications introduced by the change of data, if not into 
the general expression, at least into the particular inter- 
pretation, of the law of gravitation ? Now, the moment 
we come to numbers, an obvious incongruity strikes us. 
When we calculate, as above, from the known distance 
of the sun (art. 304), and from the period in which the 
earth circulates about it (art. 327), what must be the cen- 
. trifugal force of the latter by which the sun's attraction 
is balanced (and which, therefore, becomes an exact 
measure of the sun's attractive energy as exerted on the 
eartli), we find it to be immensely greater than would 
suffice to counteract the earth's attraction on an equal 
body at that distance — greater in the high proportion of 
354936 to 1. It is clear, then, that if 8ie earth be re- 
tained in its orbit about the sun by solar attraction^ con- 
formable in its rate of diminution with the general law, 
this force must be no less than 354936 times more in- 
tense than what the earth would be capable of exerting, 
cssteris paribus, at an equal distance. 

(380.) What, then, are we to understand from this 
result ? Simply tliis, — that the sun attracts as a collec- 
tion of 354936 earths occupying its place would do, or, 
in other words, that the sun contains 354936 times the 
mass or quantity of ponderable matter that the earth con- 
sists of. Nor let tiiiis conclusion i le us. We have 
only to recall what has been already )wn in . 806, 
of the gigantic dimensions of this m ificeni m » to 
perceive that, in assigning to it so i* 
not outstepping a reasonable im>*^ 
we come to compare its 
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density* to be less than that of the earth, being no more 
than 0-2543. So that it must consist, in reality, of far 
lighter materials, especially when we consider the force 
under which its central parts must be condensed. This 
consideration renders it highly probable that an intense 
heat prevails in its interior, by which its elasticity is re- 
inforced, and rendered capable of resisting thin almost 
inconceivable pressure without collapsing into smaller 
dimensions. 

(381.) This will be more distinctly appreciated, if we 
estimate, as we are now prepared to do, Uie intensity of 
gravity at the sun's surface. 

The attraction of a sphere being the same (art. 376) 
as if its whole mass were collected in its centre, will, of 
course, be proportional to the mass directly, and the 
square of the distance inversely ; and, in this case, the 
distance is the radius of the sphere. Hence we con- 
clude,! tliat the intensities of solar and terrestrial gravity 
at the surfaces of the two globes are in the proportioDS 
of 27*9 to 1. A pound of terrestrial matter at the son's 
surface, then, would exert a pressure equal to what 27*0 
such pounds would do at the earth's. An ordinary maD, 
for example, would not only be unable to sustain lus own 
weight on the sun, but would literally be crashed to 
atoms under the load.| 

(382.) Henceforward, then, we most consent to dis- 
miss all idea of the earth's immobility, and transfer tfait 
attribute to the sun, whose ponderous mass is calculated 
to exhaust the feeble attractions of such comparative 
atoms as the earth and moon, without being perceptibly 
dragged from its place. Their centre of gravity Im^ as 
we have already hinted, almost close to the centre of 
the solar globe, at an interval quite imperceptible from 
our distance ; and whether we regard the earUi*s oibit as 
being performed about the one or the other centre makes 

* The density of b material body ii as Uie mom direetiyi imd dii^ 
volume inversely : hence density of Q : density of : : SSS : 1 «' 
0-2543:1. ^^ 

t Solar gmvily: terrestrial::.^!, : "Sffi^a : : «7-9 : 1 ,• the Wipao- 
tive radn of the sun and earth being 440000, and 4000 miles. 

X A mass weighing 12 stone or 170 lbs. on the earth, would pndnoea 
presEmro of 4600 Ibe. on the sun. 
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no appreciable ^ffereace in ai^y one pheHomeiiott of 
astronomy. '^ 

(388.) It is in oonsequenee oif the mutual gravitation 
of all tke soFeral parts of matter, which the Newtonian 
law supposes, that the earth and moon, while in the act 
of revolving, monthly, in their mutual orbits about their 
common centre of gravity, yet continue to circulate, 
without parting company, in a greater annual otbit round 
the sun. We may conceive this motion by connecting 
two unequal balls by a stick, which, at their centre of 
gravity, is tied by a long string, and whirled round. 
Their joint systems will circulate as one body about the 
common centre to which the string is attached, while yet 
they may go on circulating round each other in subor- 
dinate gyrations, as if the stick were quite free from any 
such tie, and merely hurled through die air. If the earth 
sdone, and not the meon, gravitated to the sun, it would 
be dragged awv^, and leave the moon befaind*<-and vt>e 
rer«a; mit, acting on bo^, they continue together under 
its attraction, just as the loose parts of the earth's sur- 
face continue to rest upon it. It is, then, in strictness, 
not the earth or the moon which describes an efiipse 
around ^e sun, but their common centre of gravity. Tlie 
effect is to produce a era^l, but very perceptible, mqnddy 
equatien in the sun^s i^parent motion as seen hoot the 
earth, which is idway« tdien into account in calculating 
the sun's place. 

(384.) And here, t. e, in the attraction of the sun, we 
have the key to all those differeneen from an exact 
elliptic movement of the moon in her monthly orbit, 
which we have already noticed (arts. 344. 860), viz. 
to the retrograde revolution of her nodes ; to the ctirect cir- 
culation of the axis of her ellipse ; and to all the other 
deviations from the laws of elliptic motion at which we 
have further hinted. If the moon simply revolved about 
the earth under the influence of its gravity, none of these 
phenomena would take place. Its orbit would be a pev« 
feet ellipse, returning into itself, and always lying in one 
and the same plane : that it 1% not cb, is a proof that 
some cause disturbs it, and interferes with the earth's 
attraction ; and this cause is no olhor th|ui the inin'a at* 



280 A TREATI8B ON ASTBOMOMT. [^CBAF. TIL 

traction— or rather, that part of it which is not equally 
exerted on the earth. 

(385.) Suppose two stones, aide by side, orotherwue 
situated with respect to each other, to be let £b11 together; 
then, as gravity accelerates them equaUy, they will re- 
tain their relative positions, and fall together as if they | 
formed one mass. But suppose gravity to be rather 
more intensely exerted on one than the other; then 
would that one be rather more accelerated in its fall, and 
would gradually leave the other; and thus a relative 
motion between them would arise from the difference of 
action, however slight. 

(386.) The sun is about 400 times more remote than 
the moon ; and, in consequence, while the moon de- 
scribes her monthly orbit round the earth, her distance 
from the sun is alternately ^^th part greater and ai 
much less than the earth's. Small as this is, it is yet 
sufficient to produce a perceptible excess of attraetive 
tendency of die moon towards the sun* above that of the 

^f^^ & 

S 
earth when in the nearer point of her orbit, M, and a 
corresponding defect on the opposite part, N ; and, in 
the intermediate positions, not only will a difference of 
forces subsist, but a difference of directions also ; since, 
however small the lunar orbit MN, it is not a pointy and* 
therefore, the lines drawn from the sun S to its several 
parts cannot be regarded as strictly parallel. If, as we 
have already seen, the force of the sun were equally ex- 
erted, and in parallel directions on both, no disturbance 
of their relative situations would take place ; bat from 
the non-verification of these conditions arises a dieturih 
ingforcBy oblique to the line joining the moon and earth. 
which in some situations acts to €tccelerate^ in others to 
retard, her elliptic orbitual motion ; in some to draw the 
earth from the moon, in others the moon from the earth. 
Again, the lunar orbit, though very nearly, is yet not 
quite coincident with the plane of the ecliptic ; and hence 
the action of tlie sun, which is very nearly parallel to the 
last mentioned plane, tends to draw her somewhat auk 
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3f the fhne of her orbit, and does a^ualiy do ao^n^tth 
Hciflg the revelation of her nodee, aivd other phenomena 
less stHkin^. We are not yet prepared to ' go into the 
subject of these pertturbatums, as ihey are called ; hot 
they are introduced to the reader^e np^e as early as 
possible, for the purpose of reassuring his mind, ahould 
doubts have arisen as 4o the logieid correctttesui of our 
argument, in eonsequenee of our temporary neglect of 
them while working our way upwsffd 4o Uie law of 
gravity from a general opneidfliration of iiip moon's orbit. 



CHAPTER Vni. 

. or TBS 8<HLAE eYSTEM. 

Ikmrem MotionB «f the Planete— Ilieir Stations and Itetrograd^tioQt^ 
The Sun their natural Centre of Motion— Inferior Planets—llunir 
Phases, Periods, &c. — Dimensions and Form of their Orbit»— ^j^ansili 
.acaroas die Swn-r-Superior Plaoete— Their Distancas, P^riode, ^. — 
Kepler's Laws and their Interpretation — Elliptic Elements of a Planet's 
Orbit — Its heliocentric and geocentric Places — Bode's Law ofplanetanr 
Distances—The four ultia-aodatcalPlBneia— Pli|nuiaiPeciUvuri^0& 
aervable in each of the Planets. 

(987.) Ths sun and moon are not ,the only celestial 
objects which appear to liave a motion independent of 
that by which the great constellation of the heavens is daily 
carried round the earUi. Among the stars there are aeva- 
ral, — and those among the brightest and moetconspi^ 
cuous, — ^which, when attentively watched frmn night to 
night, are found to change their relative situations amo^g 
the rest; some rapidij^> others much more adowly. These 
are called planets. Four of them — Venus, Mars^ J«.- 
piter, and ^atum^-are remarkably large and brittiant ; 
another, Mercury, is aisO visible to the naked eye as a 
large star, but, for a reason which will presendy appear, 
is seldom conspicuous; a fifth, Uranus, is barely dis- 
cernible without a telescope ; and four others-^Ceres, 
Pallas, Vesta, and Juno — ^are never visible to the naked 
eye. Besides these ten, others yet undiscovered may 
exist ; and it is extremely probable that such is the case, 
— ^the multitude of telescopic etani being so great thai 

V2 
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only a small fraction of their number has beea soffioiently 
noticed to ascertain- whether they retain the ssane places 
or not, and the five last-mentioned planets having all been 
discovered within half a century from the present time. 

(388.) The apparent motions of the planets are much 
more irregular than those of the sun or moon. Generally I 
speaking, and comparing their places at distant times, 
they all advance, Uiough with very different average or 
mean velocities, in the same direction as those lumina- 
ries, i. e. in opposition to the apparent diurnal motion, or 
from west to east : all of them make the entire tour of 
the heavens, though under very different circumstances ; 
and all of them, with the exception of the four telescopic 
planets, — Ceres, Pallas, Juno, and Vesta (which may 
therefore be termed t^/^ra-zo(2taca/),-— are confined in 
their visible paths within very narrow limits on either 
side the ecliptic, and perform their movements within 
that zone of the heavens we have called above the Zo- 
diac (art. 254). 

(389.) The obvious conclusion from this is, that 
whatever be, otherwise, the nature and law of their mo- 
tions, they are all performed nearly in the plane of the 
ecliptic, — that plane, namely, in which our own motion 
about the sun is performed. Henc^ it follows, that we 
see their evolutions, not in planf but in aedion; their ■ 
real angular movements and linear distances being all \ 
foreshortened and confounded undistinguishably, whils 
only their deviations from the ecliptic appear of their 
natural magnitude, undiminished by the effect of per- 
spective. 

(390.) The apparent motions of the sun and moon, 
though not uniform, do not deviate very greatly from 
uniformity ; a moderate acceleration and retarda^n, 
accountable for by the ellipticity of their orbits, being all 
that is remarked. But the case is widely different with 
the planets : sometimes they advance rapidly ; then re- 
lax in their apparent speed — come to a momentary stop ; 
and then actually reverse their motion, and run back upon 
their former course, with a rapidity at first increasing, 
then diminishing, till the reversed or retrograde motion 
ceases altogether. Another station, or moment of ap- 
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parent rest or indecisioiiy^ now takes place ; after which 
the movement is again reversed, and resumes itd originals 
direct character. On the whole, however, the amount 
of direct motion more than compensates the retrograde ; 
and by the excess of the former over the latter, the gra- 
dual advance of the planet from west to east is main- 
tained. Thus, supposing the zodiac to be unfolded into 
a plane surface (or represented as in Mercator's projec- 
tion, art. 234, taking the ecliptic EC for its ground line), 
the track of a planet, when mapped down by observation 




from day to day, will offer the appearance PQRS, &c. ; 
the motion from P to Q being direct, at Q stationary, 
from Q to R retrograde, at R again stationary, from R 
to S direct, and so on. 

(391.) In the midst of the irregularity and fluctuation 
of this motion, one remarkable feature of uniformity is 
observed. Whenever the planet crosses the ecliptic, as 
at N in the figure, it is said (like the moon) to be in its 
node ; and as the earth necessarily lies in the plane of 
the ecliptic, the planet cannot be apparently or urano- 
graphically situated in the celestial circle so called, with- 
out being really and locally situated in that plane. The 
visible passage of a planet through its node, then, is a 
phenomenon indicative of a circumstance in its real mo- 
tion quite independent of the station from which we view 
it. Now, it is easy to ascertain, by observation, when a 
planet passes from the north to the south side of the 
ecliptic : we have only to convert its right ascensions 
and declinations into longitudes and latitudes, and the 
change from north to south latitude on two successive 
days will advertise us on what day the transition took 
place ; while a simple proportion, grounded on the ob- 
served state of its motion in latitude in the interval, 
will suffice to fix the precise hour and minute of its ar- 
rival on the ecliptic. Now, this being done for several 
transitions from side to side of the eeliptic, and their 
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only a Bmall fraction of their number has been Baffimntly 
noticed to ascertain whether they retain the lune places 
or not, and the jfive last-mentioned planets having all been 
discovered within half a century from the present time. 

(388.) The apparent motions of the planets are much 
more irregular than those of the sun or moon. Generally 
speaking, and comparing their {daces at distant times, 
they all advance, though with very different average as 
mean velocities, in the same direction as those lumina- 
ries, i. e. in opposition to the apparent diurnal motion, or 
from west to east : all of them make the entire tour of 
the heavens, though under very different circumstances ; 
and all of them, with the exception of the four telescopic 
planets, — Ceres, Pallas, Juno, and Vesta (which may 
therefore be termed idtra-zodiaear)f'-^are confined in 
their visible paths within very narrow limits on either 
side the ecliptic, and perform their movements within 
that zone of the heavens we have called above the Zo- 
diac (art. 254). 

(389.) The obvious conclusion from this is, that 
whatever be, otherwise, the nature and law of their mo- 
tions, they are all performed nearly in the plane of the 
ecliptic, — that plane, namely, in which our own motion 
about the sun is performed. Henc^ it follows, that we 
see their evolutions, not in plant but in eecHon; their 
real angular movements and linear distances being all 
foreshortened and confounded undistingnishably, while 
only their deviations from the ecliptic appear of their 
natural magnitude, undiminished by the effect of per- 
spective. 

(390.) The apparent motions of the son and mooiif 
though not uniform, do not deviate very greatly from 
uniformity ; a moderate acceleration and retaliation, 
accountable for by the ellipticity of their orbits, being all 
that is remarked. But the case is widely different with 
the planets : sometimes they advance rapidly ; then re- 
lax in their apparent speed — come to a momentary stop; 
and then actually reverse their motion, and run back upoB 
their former course, with a rapidity at first inoreasipgt 
then diminisliing, till the reversed or retrograde motion 
ceases altogether. Another station, nr rnoment of app 
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parent rest or indecision, now takes place ; after which 
the movement is again reversed, and resumes itd originals 
direct character. On the whole, however, the amount 
of direct motion more than compensates the retrograde ; 
and by the excess of the former over the latter, the gra- 
dual advance of the planet from west to east is main- 
tained. Thus, supposing the zodiac to be unfolded into 
a plane surface (or represented as in Mercator's projec- 
tion, art. 234, taking the ecliptic EC for its ground line), 
the track of a planet, when mapped down by observation 




from day to day, will offer the appearance PQRS, &c. ; 
the motion from P to Q being direct, at Q stationary, 
from Q to R retrograde, at R again stationary, from R 
to S direct, and so on. 

(391.) In the midst of the irregularity and fluctuation 
of this motion, one remarkable feature of uniformity is 
observed. Whenever the planet crosses the ecliptic, as 
at N in the figure, it is said (like the moon) to be in its 
node ; and as the earth necessarily lies in the plane of 
the ecliptic, the planet cannot be apparently or urano- 
graphically situated in the celestial circle so called, with- 
out being reaUy and locally situated in that plane. The 
visible passage of a planet through its node, then, is a 
phenomenon indicative of a circumstance in its real mo- 
tion quite independent of the station from which we view 
it. Now, it is easy to ascertain, by observation, when a 
planet passes from the north to the south side of the 
ecliptic : we have only to convert its right ascensions 
and declinations into longitudes and latitudes, and the 
change from north to south latitude on two successive 
days will advertise us on what day the transition took 
place ; while a simple proportion, grounded on the ob- 
served state of its motion in latitude in the interval, 
will i fice to fix the precise hour and minute of its ar- 
ri OR tbn ecliptic. Now, this being done for several 

to iide of the eeliptiCy and their 
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through telescopes, exhibit the a,ppearance of phaaei 
like those of the moon. This proves that they are 
opaque bodies, shining only by reflected light, which 
can be no other than the sun's ; not only because there 
is no other source of light external to them sufficiently 
powerful, but because the appearance and succession of 
the phases tlicmsclves are (like their visible diameten) 
intimately connected with their elongations from the sun, 
as will presently be shown. 

(397.) Accordingly, it is found, that, when we refer 
the planetary movements to the sun as a centre, all that 
a[)parent irregularity which they offer when viewed from 
the earth disappears at once, and resolves itself into one 
simple and general law, of which the earth's motion, as 
explained in a former chapter, is only a particular case. 
In order to show how this happens, let us take the caie 
of a single planet, which we wiU suppose to revolve 
round tlic sun, in a plane nearly, but not quite, coinci- 
dent with the ecliptic, but passing through the sun, and 
of course intersecting the ecliptic in a fixed line, which 
is the line of the planet's nodes. This line must of 
course divide its orbit into two segments ; and it is evi- 
dent that, so long as the circumstances of the planet's 
motion remain otherwise unchanged, the times of de- 
acriijing these segments must remain the same. The 
interval, then, between the planet's quitting either node, 
and returning to the same node again, must be that in 
which it describes one complete revolution round the 
sun, on its periodic time; and thus we are furnished 
with a direct method of ascertaining the periodic time 
of each planet. 

(308.) We have said (art. 388) that the planets make 
the entire tour of the heavens under very different cii^ 
cumstances. This must be explained. Two of them — 
Mercury and Venus — perform this circuit evidently as 
attendants upon the sun, from whose vicinity they never 
depart beyond a certain limit. They are seen sometimes 
to the east, sometimes to the west of it. In the former 
case they appear conspicuous over the western horizon. 
just after sunset, and are called evening stars: Venus, 
especially, appears occasionally in this situation with a 
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dazzling lustre; and in favourable circumstances may 
be observed to cast a pretty strong shadow.* When 
they happen to be to the west of the sun, they rise be- 
fore' that luminary in the morning, and appear over the 
eastern horizon as morning stars : they do not, how- 
ever, attain the same elongation from the sun. Mer- 
cury never attains a greater angular distance from it 
than about 29°, while Venus extends her excursions on 
either side to about 47®. When they have receded from 
the sun, eastward^ to their respective distances, they 
remain for a time, as it were, immoveable with respect to 
it, and are carried along with it in the ecliptic with a 
motion equal to its own ; but presently they begin to 
approach it, or, which comes to the same, their motion 
in longitude diminishes, and the sun gains upon them* 
As this approach goes on, their continuance above the 
horizon after sunset becomes daily shorter, till at length 
they set before the darkness has become sufficient to 
allow of their being seen. For a time, then, they are 
not seen at all, unless on very rare occasions, when they 
are to be observed passing across the sun^s disc as 
small, round, well-defined black spots, totally different 
in appearance from the solar spots (art. 330). These 
phenomena are emphatically called transits of the re- 
spective planets across the sun, and take place when 
the earth happens to be passing the line of their node« 
while they are in that part of their orbits, just as in the 
account we have given (art. 355) of a solar eclipse. 
After having thus continued invisible for a time, however, 
they begin to appear on the other side of the sun, at first 
showing themselves only for a few minutes before sun- 
rise, and gradually longer and longer as they recede from 
him. At this time th^ir motion in longitude is rapidly 
retrograde. Before they attain their greatest elongation, 
however, they become stationary in the heavens ; but 
their recess from the sun is still maintained by the ad- 
vance of that luminary along the ecliptic, which continues 
to leave them behind, until, having reversed their motion, 

* It must be thrown npon a white graand. An open window in a 
whitewuhed room ia Uie best expomire. In this situatiui, I have ob- 
verved not only the ahadow, but the difTracted ftingee edging iti oadiDei<— 
Attfknr. 
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and become again direct, they acquire sufficient speed to 
commence overtaking hinb— at which moment they have 
their greatest western elongation ; and thus is a kind of 
oscillatory movement kept up, while the general advance 
along the ecliptic goes on. 




(399.) Suppose PQ to be the ecliptic, and ABD the 
orbit of one of these planets (for instance, Mercniy), 
seen almost edgewise by an eye situated very nearly in 
its plane ; S, the sun, its centre ; and A, B, D, S sac- 
cessive positions of the planet, of which B and S are in 
the nodes. If, then, the sun S stood apparently still in 
the ecliptic, the planets would simply appear to oscillate 
backwards and forwards from A to D, alternately passing 
before and behind the sun ; and, if the eye happened to 
lie exactly in the plane of the orbit, transiting his disc 
in the former case, and being covered by it in the latter. 
But as the sun is not so stationary, but apparently ear- 
ned along the ecliptic PQ, let it be supposed to move 
over the spaces ST, TU, UV, while the planet in each 
case executes one quarter of its period. Then will its 
orbit be apparently carried along with the sun, into the 
successive positions represented in the figure; and 
while its real motion round the sun brings it into the re- 
spective points B, D, S, A, its apparent movement in the 
heavens will seem to have been along the wavy or zig- 
zag line ANHK. In this, its motion in longitude will 
have been direct in the parts AN, NH, and retrograde in 
the parts HnK ; while at the turns of the zigzag, at Hy 
K, it will have been stationary. 

(400.) The only two planets — Mercury and Venus — 
whose evolutions are such as above described, are called 
inferior planets ,• their points of farthest recess from the 
sun are called (as above) their greatest eastern and west- 
em elongations; and their points of nearest approach to 
It, their inferior and superior conjunctions ; the former 
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when the planet passes between the earth and the sun, 
the latter when behind the sun. 

(401.) In art. 398 we have traced the apparent path 
of an inferior planet, by considering its orbit in section, 
or as viewed from a point in the plane of the ecliptic. 
Let us now contemplate it in plan, or as viewed from a 
station above that plane, and projected on it. Suppose, 
then, S to represent the sun, abed the orbit of Mer- 
cury, and ABCD a part of that of the earth — the direc- 
tion of the circulation being the 
same in both, viz. that of the 
arrow. When the planet stands 
at a, let the earth be situated at 
\B A, in the direction of a tangent, 
aA, to its orbit ; then it is evi- 
dent that it will appear at its 
greatest elongation from the 
sun; the angle aAS, which 
measures their apparent interval 
as seen from A, being then great- 
er than in any other situation of a upon its own circle. 

(402.) Now, this angle being known by observation, 
we are hereby furnished with a ready means of ascer- 
taining, at least approximately, the distance of the planet 
from the sun, or the radius of its orbit, supposed a cir- 
cle. For the triangle SAa is right-angled at a, and con- 
sequently we have Sa : SA : : sin. SAa : radius, by which 
proportion the radii Sa, SA of the two orbits are directly 
compared. If the orbits were both exact circles, this 
would of course be a perfectly rigorous mode of pro- 
ceeding : but (as is proved by the inequality of the re- 
fulting values of Sa obtained at different times) this is 
AOt the case ; and it becomes necessary to admit an ec- 
centricity of position, and a deviation from the exact cir- 
cular form in both orbits, to account for this difference. 
Neglecting, however, at present this inequality, a mean 
or average value of Sa may, at least, be obtained from 
the frequent repetition of this process in all varieties of 
situation of the two bodies. The calculations being per- 
formed, it is concluded that the mean distance of Mer- 
cury from the sun is about 36000000 miles ; and that of 

W 
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only a small fraction of their number has beeB soffidentl j 
noticed to ascertain^ whether they retain the BMne places 
or not, and the five last-mentioned planets having all been 
discovered within half a centary from the present time. 

(388.) The apparent motions of the planets are much 
more irregular than those of the sun or moon. G^enerallj 
speaking, and comparing their jdaces at distant times, 
they all advance, though with very different average or 
mean velocities, in the same direction as those lumina- 
ries, i. e. in opposition to the apparent diurnal motion, or 
from west to east : all of them make the entire tour of 
the heavens, though under very different circumstances ; 
and all of them, with the exception of the four telescopic 
planets, — Ceres, Pallas, Juno, and Vesta (which maj 
therefore be termed t///ra-2:o(^taca/),— are confined in 
their visible paths within very narrow limits on either 
side the ecliptic, and perform their movements within 
that zone of the heavens we have called above the Zo- 
diac (art. 254). 

(389.) The obvious conclusion from this is, that 
whatever be, otherwise, the nature and law of their mo- 
tions, they are all performed nearly in the plane of the 
ecliptic, — that plane, namely, in which our own motion 
about the sun is performed. Hencf it follows, that we 
see their evolutions, not in plan, but in Medion; their 
real angular movements and linear distances being all 
foreshortened and confounded undistingoishably, while 
only their deviations from the ecliptic appear of their 
natural magnitude, undiminished by the effect of per- 
spective. 

(390.) The apparent motions of the sun uid mooBf 
though not uniform, do not deviate very greatly from 
uniformity ; a moderate acceleration and retardationf 
accountable for by the ellipticity of their orbits, being all 
that is remarked. But the case is widely different with 
the planets : sometimes they advance rapidly ; then re- 
lax in their apparent speed — come to a momentary stop; 
and then actually reverse their motion, and run back upon 
their former course, with a rapidity at first increasing, 
then diminishing, till the reversed or retrograde motion 
ceases altogether. Another station, or moment of ap- 
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parent rest or indeciidon, now takes place ; after which 
the movement is again reversed, and resumes itd original^ 
direct character. On the whole, however, the amount 
of direct motion more than compensates the retrograde ; 
and by the excess of the former over the latter, the gra- 
dual advance of the planet from west to east is main- 
tained. Thus, supposing the zodiac to be unfolded into 
a plane surface (or represented as in Mercator's projec- 
tion, art. 234, taking the ecliptic EC for its ground line), 
the track of a planet, when mapped down by observation 




from day to day, will offer the appearance PQRS, &c. ; 
the motion from P to Q being direct, at Q stationary, 
from Q to R retrograde, at R again stationary, from R 
to S direct, and so on. 

(391.) In the midst of the irregularity and fluctuation 
of this motion, one remarkable feature of uniformity is 
observed. Whenever the planet crosses the ecliptic, as 
at N in the figure, it is said (like the moon) to be in its 
node ; and as the earth necessarily lies in the plane of 
the ecliptic, the planet cannot be apparently or uranO' 
graphically situated in the celestial circle so called, with- 
out being really and locally situated in that plane. The 
visible passage of a planet through its node, then, is a 
phenomenon indicative of a circumstance in its real mo- 
tion quite independent of the station from which we view 
it. Now, it is easy to ascertain, by observation, when a 
planet passes from the north to the south side of the 
ecliptic : we have only to convert its right ascensions 
and declinations into longitudes and latitudes, and the 
change from north to south latitude on two successive 
days will advertise us on what day the transition took 
place ; while a simple proportion, grounded on the ob- 
served state of its motion in latitude in the interval, 
will suffice to fix the precise hour and minute of its ar- 
rival on the ecliptic. Now, this being done for several 
transitions from side to side of the ecUptic, and their 
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surpassing the earth's. Hence, the stationary points 
ought to lie, as it is found by observation they do, be- 
tween a and b, or c and ft, viz. in snch a position that 
the obliquity of the planet's motion with respect to the 
line of junction shall just compensate for the excess of 
its velocity, and cause an equal advance of each eztre- 
niity of that line, by the motion of the planet at one end, 
and of tlie earth at the other : so that, for an instant of 
time, the whole line shall move parallel to itself. The 
question thus proposed is purely geometrical, and its 
solution on the supposition of circular orbits is easy ; 
but when we regard them as otherwise than circles 
(which they really are), it becomes somewhat complei 
— too much so to be here entered upon. It will suffice 
to state the results which experience verifies, and which 
assigns ilie stationary points of Mercury at from 15° to 
20° of elongation from the sun, according to circum- 
stances ; and of Venus, at an elongation never varying 
much from 29°. The former continues to retrograde 
during about 22 days ; the latter about 42. 

(407.) We have said that some of the planets exhibit 
phases like the moon. This is the case with both Mei^ 
cury and Venus ; and is readily explained by a consi- 
deration of their orbits, such as we have above supposed 




c 

them. In fact, it requires little more than mere inspec- 
tion of the figure annexed, to show, that to a spectator 
situated on the earth E, an inferior planet, illuminated 
by the sun, and therefore bright on the side next to him, 
and dark on that turned from him, will appear yW/ at the 
superior conjunction A; gibbous (t. e. more than half 
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fun, like the moon between the first and (second quarter) 
between that point and the points BC of its greatest 
elongation ; half-mooned at these points ; and crescent- 
shaped, or horned, between these and the inferior con- 
junction D. As it approaches this point, the crescent 
ought to thin off till it vanishes altogether, rendering the 
planet invisible, unless in those cases where it transits 
the sun's disc, and appears on it as a black spot. All 
these phenomena are exactly conformable to observation ; 
and, what is not a little satisfactory, they were predicted 
as necessary consequences of the Copemican theory be« 
fore the invention of the telescope.* 

(408.) The variation in brightness of Venus in differ- 
ent parts of its apparent orbit is very remarkable. This 
arises from two causes : 1st, the varying proportion of 
Its visible illuminated area to its whole disc ; and, 2dly, 
the varying angular diameter, or whole apparent magni- 
tude of the disc itself. As it approaches its inferior con- 
junction from its greater elongation, the half-moon he^ 
comes a crescent, which tkins offi but this is more than 
compensated, for some time, by the increasing apparent 
magnitude, in consequence of its diminishing distance. 
Thus the total light received from it goes on increasing, 
all at length it attains a maximum, which takes place 
when the planet's elongation is about 40°. 

(409.) The transits of Venus are of very rare occur- 
rence, taking place alternately at intervals of 8 and 113 
years, or thereabouts. As astronomical phenomena, they 
are, however, extremely important; since they afford the 
best and most exact means we possess of ascertaining 
the sun's distance, or its parallax. Without going into 
the niceties of calculation of this problem, which, owing 
to tlie great multitude of circumstances to be attended to, 
are extremely intricate, we shall here explain its prin- 
ciple, which, in the abstract, is very simple and obvious. 
Let E be the earth, V Venus, and S the sun« and CD the 
portion of Venus's relative orbit which she describes 
while in the act of transiting the sun's disc. Suppose 
AB two spectators at opposite extremities of that dia- 

* See Essay on thk Studt ov Natueal Pulosopht, Calk Cyelo.* 
Vol.XlV.p.iK9. ^ 
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meter of the earth which is perpendicular to the ecliptic, 
and, to avoid complicating the cafle^ let ue lay out of 




consideration the earth's rotation, and suppose A, 6, to 
retain that situation during the whole time of the transit. 
Then, at any moment when the spectator at A sees the 
centre of Venus projected at a on the sun's disc, he at B 
will see it projected at 6. If then one or other spectator 
could suddenly transport himself from A to B, he would 
8(;o Venus suddenly displaced on the disc from a to 6; 
and if he had any means of noting accurately the place 
of the points on the disc, either hy micrometrical roea- 
stues from its edge, or hy other means, he might ascer- 
tain the angular measure of a 6 as seen from the earth. 
Now, since AVa, BV6, are straight lines, and therefore 
make equal angles on each side V, a 6 will be to AB as 
tlie disUiuce of Venus from the sun is to its distance from 
the earth, or as 68 to 27, or nearly as 2$ to 1 : a 6, therefore, 
occupies on the sun's disc a space 2$ times as great as the 
earth's diameter ; and its angular measure is therefore 
ecjual to about 2s times the earth's apparent diameter at 
the distance of the sun, or (which is the same tiling) to 
five times the sun's horizontal parallax (art. 298). Any 
error, therefore, which may be committed in measuring 
a b, will entail only one fifth of that error on the hori- 
zontal parallax concluded from it. 

(410.) The thing to be ascertained, therefore, is, in 
fact, neither more nor less than the breadth of the zone 
PQRS, pq r s, included between the extreme apparent 
paths of the centre of Venus across the sun's disc, from 
its entry on one side to its quitting it on the other. The 
whole business of the observers at A, B, therefore, re- 
solves itself into this ; — to ascertain, with all possible 
care and precision, each at his own station, this path** 
where it enters, where it quits, and what segment of the 
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sun*s disc it cuts off. Now, one of the most exact ways 
in which (conjoined with careful micrometric measures) 
this can he done, is hy noting the time occupied in the 
whole transit : for the relative angular motion of Tenus 
being, in fact, very precisely known from the tables of her 
motion, and the apparent path being very nearly a straight 
line, these times give us a measure (on a very enlarged 
scale) of the lengths of the chords of the segments cut 
off; and the sun's diameter being known also with great 
precision, their versed sines, and therefore their differ- 
ence, or the breadth of the zone required, becomes 
known. To obtain these times correctly, each observer 
must ascertain the instants of ingress and egress of the 
centre. To do this, he must note, 1st, the instant when 
the first visible impression or notch on the edge of the 
disc at P is produced, or the Jirst external contact; 2dly, 
when the planet is just wholly immersed, and the 
broken edge of the disc just closes again at Q, or the 
first internal contact ; and lastly, he must make the same 
observations at the egress at R, S. The mean of the in- 
ternal ^tnd external contacts gives the entry and egress 
of the planet's centre. 

(411.) The modifications introduced into this process 
by the earth's rotation on its axis, and by other geogra- 
phical stations of the observers thereon than here sup- 
posed, are similar in their principles to those which enter 
into the calculation of a solar eclipse, or the occultation of 
a star by the moon, only more refined. Any considera- 
tion of them, however, here, would lead us too far ; but 
in the view we have taken of the subject, it affords an 
admirable example of the way in which minute elements 
in astronomy may become magnified in their effects, and, 
by being made subject to measurement on a greatly en- 
larged scale, or by substituting the measure of time for 
space, may be ascertained with a degree of precision 
adequate to every purpose, by only watching favourable 
opportunities, and taking advantage of nicely adjusted 
combinations of circumstance. So important has this 
observation appeared to astronomers, that at the last 
transit of Venus, in 1769, expeditions were fitted out, on 
the most efficient scale, by the BritLsb, French, Russiaut 
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and other governments, to the remotest corners of die 
globe, for the express purpose of performing it. The 
celebrated expedition of Captain Cook to Otaheite was 
one of them. The general result of all the observations 
made on this most memorable occasion gives 8"*5776 
for the sun's horizontal parallax. 

(412.) The orbit of Mercury is very elliptical, the ec- 
centricity being nearly one fourth of the mean Stance. 
This appears from the inequality of the greatest elonga- 
tions from the sun, as observed at different times, and 
which vary between the limits 16** 12' and 28® 48', and, 
from exact measures of such elongations, it is not diffi- 
cult to show that the orbit of Venus also is sli^tly ec- 
centric, and that both these planets, in fact, describe 
ellipses, having the sun in their common focns. 

(413.) Let us now consider the superior planets, or 
those whose orbits enclose on all sides that of the earth. 

That they do so is proved by several circumstances : 

1st, They are not, like the inferior planets, confined to 
certain limits of elongation from the sun, but appear at 
all distances from it, even in the opposite quarter of the 
heavens, or, as it is called, in opposition ; which could 
not happen, did not the earth at such times place itself 
between them and the sun : 2dly, They never appear 
horned, like Venus or Mercury, nor even semilunar. 
Those, on the contrary, which, from the minuteness of 
their parallax, we conclude to be the most distant from 
us, viz. Jupiter, Saturn, and Uranus, never appear other- 
wise than round ; a sufficient proof, of itself, that we see 
them always in a direction not very remote from that in 
which the sun's rays illuminate them ; and that, there^ 
fore, we occupy a station which is never very widely re- 
moved from the centre of their orbits, or, in other words, 
that the earth's orbit is entirely enclosed within theirs, 
and of comparatively small diameter. One only of them, 
Mars, exhibits any perceptible phase, and in its defi- 
ciency from a circular outline, never surpasses a mode- 
rately gibbous appearance — ^the enlightened portion of 
the disc being never less than seven-eighths of the whole. 
To understand this, we need only cast our eyes on the 
annexed figure, in which E is the earth, at its apparent 
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greatest elongation from the sun S, as 
seen from Mars, M. In this positiour 
the angle SME, included between the 
lines SM and EM, is at its maximum ; 
and^ therefore, in this state of things, a 
spectator on the earth is enabled to see a 
greater portion of the dark hemisphere 
of Mars than in any other situation. The 
extent of the phase, then, or greatest ob- 
servable degree of gibbosity affords a 
measure — a sure, although a coarse and 
rude one— of the angle SME, and there- 
fore of the proportion of the distance 
SM, of Mars to S£, that of the earth 
from the sun, by which it appears that 
the diameter of the orbit of Mars can- 
not be less than 1$ that of the earth's. The phases of 
Jupiter, Saturn, and Uranus being imperceptible, it fol- 
lows that their orbits must include not only that of the 
earth, but of Mars also. 

(414.) All the superior planets are retrograde in their 
apparent motions when in oppoaUion, and for some time 
before and after ; but they differ greatly from each other, 
both in the extent of their arc of retrogradation, in the 
duration of their retrograde movement, and in its rapidity 
when swiftest It is more extensive and rapid in the 
case of Mars than of Jupiter, of Jupiter than of Saturn, 
and of that planet than Uranus. The angular velocity 
with which a planet appears to retrograde is easily ascer* 
tained by observing its apparent place in the heavens 
from day to day ; and from such observations, made about 
the time of opposition, it is easy to conclude the relative 
magnitudes of their orbits as compared with the earth's, 
supposing their periodic times known. For, from these, 
their mean angidar velocities are known also, being in* 




versely as the times. Suppose, then, Ee to be a very 
small portion of the earth's od>iW •wi Mm a correspood* 
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ing portion of that of a superior planet, described on the 
(I:iy of opposition, '<il)out tlie sun S, oa which day the 
three hodics lie in one straight line SEMX. Then the 
an^his KSc and MSm are given. Now, if c m be joined 
and prohingt'd to meet SM continued in X, the angle eXE, 
whicli is Ciiual to the alternate angle Xey, is evidently the 
rctro^radation of Mars on that day, and is, tlierefore, also 
given. Ee, therefore, and the angle EXe, being given in 
the right-angled triangle EeX, the side EX is easily cal- 
culated, and thus SX becomes known. Consequently, 
in the triangle S/?)X, we have given the side SX and the 
two angles 7)1 SX and ntXS, whence the other sides, Sm, 
mX, are easily determined. Now, Sm is no other than 
tlie radius of the orbit of the superior planet required, 
which in this calculation is supposed circular as well as 
that of the earth ; a supposition not exact, but sufficiently 
so to afford a satisfactory approximation to the dimen- 
sions of its orbit, and which, if the process be often re- 
peated, in every variety of situation at which the oppo- 
sition can occur, will ultimately afford an average or 
mean value of its diameter fully to be depended upon. 

(415.) To apply this principle, however, to practice, 
it is necessary to know the periodic times of the several 
planets. These may be obtained directly, as has been 
already stated, by observing the intervals of their pas- 
sages through the ecliptic ; but owing to the very small 
inclination of the orbits of some of them to its plane, 
they cross it so obliquely that the precise moment of 
their arrival on it is not ascertainable, unless by very nice 
observations. A better method consists in determining, 
from the observations of several successive days, the 
exact moments of tlieir arriving in oppontionwith the sun, 
tlic criterion of which is a difference of longitudes be- 
tween the sun and planet of exactly 180^. The interval 
between successive oppositions thus obtained is nearly 
one 8y nodical period ; and would be exacdy so, were the 
pliu et's orbit and that of the earth both circles, and uni- 
fornly described ; but as that is found not to be the case 
(and the criterion is, the inequality of successive synod- 
ical revolutions so observed), the average of a great nam- 
ber, taken in all varieties of situation in which tha oppo- 



PHAP. Till, j KSPLMt'fl UlW OF PEMODIO TIMES. 84f 

sitions occur, will be freed from the elliptic inequality, 
and may be taken as a mean synodical period. From 
this, by the considerations employed in art. 353, and by 
the process of calculation indicated in the note to that 
article, the sidereal periods are readily obtained. The 
accuracy of this determination will, of ccAirse, be greatly 
increased by embracing a long interval between flie ex- 
treme observations employed. In point of fact, that in- 
terval extends to nearly 2000 years in the cases of the 
planets known to the ancients, who have recorded their 
observations of them in a manner sufficiently careful to 
be made use of. Their periods may, therefore, be regard- 
ed as ascertained with the utmost exactness. Their nu- 
merical values will be found stated, as well as the mean 
distances, and all the other elements of the planetary 
orbits, in the synoptic table at the end of the volume, to 
which (to avoid repetition) the reader is once for all re- 
ferred. 

(416.) In casting our eyes down the list of the planet- 
ary distances, and comparing them with the periodic 
times, we cannot but be struck with a certain correspond- 
ence. The greater the distance, or the larger the orbit, 
evidently the longer the period. The order of the pla^ 
nets, beginning from the sun, is the same, whether we 
arrange them according to their distances, or to the time 
they occupy in completing their revolutions ; and is as 
follows : — Mercury, Venus, Earth, Mars — the four ultra- 
zodiacal planets — Jupiter, Saturn, and Uranus. Never- 
theless, when we come to examine the numbers express- 
ing them, we find that the relation between the two series 
is not that of simple proportional increase. The periods 
increase more than in proportion to the distances. Thus, 
the period of Mercury is about 68 days, and that of thft 
Earth 365-— being in proportion as 1 to 4-15, while their 
distances are in Qie less proportion of 1 to 2*56 ; and a 
similar remark holds good in every instance. Still, the 
ratio of increase of the times is not so rapid as that of 
the squares of the distances. The square of 2*56 is 
6*5536, which is considerably greater than 4*15. An in- 
termediate rate of increase, between the simple proportion 
of the distances and that of tbeir squares, is therefore 
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dearly pointed out by the sequence of the numbers ; bol 
it required no ordinary penetration in the illustrious Kep- 
ler, backed by uncommon perseverance and industr}', at 
a period when the data themselves were involved in ob- 
scurity, and when the processes of trigonometry and of 
numerical calculation were encumbered with difficuUies, 
of wliich the more recent invention of logarithmic tables I 
has happily loft us no conception, to perceive and demon- 
strate the real law of their connexion. This connexion 
is expressed in the following proposition : — " The squares 
of the periodic times of any two planets are to each 
other, m the same proportion as the cubes of their mean 
distances from the sun." Take, for example, the earth 
and iMars,* whose periods are in the proportion of 
3(i52564 to 6869796, and whose distances from thesuD 
is that of 100000 to 152369; and it will be found, by 
any one who will take the trouble to go through the calcu- 
lation, that — 

(3652564)': (6869796)>:: (lOOOOO)^: (162369)'. 

(U7.) Of all the laws to which incluction from pure 
observation has ever conducted man, this third law (as 
it is called) of Kepler may justly be regarded as the most 
remarkable, and the most pregnant with important con«e- 
qucnces. When we contemplate the constituents of the 
planetary system from the point of view which this rela- 
tion aflbnls us, it is no longer mere analogy which strikes 
(IS — no longer a general resemblance among them, as 
individuals independent of each other, and circulating 
about the sun, each according to its own peculiar nature, 
and connected with it by its own peculiar tie. The re- 
semblance is now perceived to be a true faniify likeness; 
they are bound up in one chain — interwoven in one web of 
mutual relation and harmonious agreement — subjected to 
one pervading influence, which extends from the centre 
to the farthest limits of that great system, of which all of 
thcin, the earth included, must henceforth be regarded as 
members. 

(418.) The laws of elliptic motion about the sun as a 

* The exprefwion of this law of Kepler requires a slight modiBcatioil 
^'hnn wo (.-ume to the extreme nicety of numerical calculation, fi>r the 
greater j>Ianet8, due to the influence of their mfiMCt T^ corroctioii ■ 
niperceptible for the earth and Mara. 
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focus, and of the equable description of areas by lines 
joining the sun and planets, were originally established 
by Kepler, from a consideration of the observed motions 
of Mars ; and were by him extended, analogically, to all 
the other planets. However precarious such an extension 
might then have appeared, modem astronomy has com- 
pletely verified it as a matter of fact, by the general coinci- 
dence of its results with entire series of observations of 
the apparent places of the planets. These are found to 
accord satisfactorily with the assumption of a particular 
ellipse for each planet, whose magnitude, degree of eccen- 
tricity, and situation in space, are numerically assigned 
in the synoptic table before referred to. It is true, that 
when observations are carried to a high degree of preci- 
sion, and when each planet is traced Uirough many suc- 
cessive revolutions, and its history carried back, by the 
aid of calculations founded on these data, for many centu- 
ries, we learn to regard the laws of Kepler as only^r*^ 
approximations to the much more complicated ones 
which actually prevail ; and that to bring remote observa- 
tions into rigorous and mathematical accordance with 
each other, and at the same time to retain the extremely 
convenient nomenclature and relations of the elliptic 
SYSTEM, it becomes necessary to modify, to a certain ex- 
tent, our verbal expression of the laws, and to regard the 
numerical data or elHptic elements of the planetary orbits 
as not absolutely permanent, but subject to a series of 
extremely slow and almost imperceptible changes. These 
changes may be neglected when we consider only a few 
revolutions ; but going on from century to century, and 
continually accumulating, they at length produce consider- 
able departures in the orbits from their original state. 
Their explanation will form the subject of a subsequent 
chapter ; but for the present we must lay them out of 
consideration, as of an order too minute to affect the gene- 
ral conclusions with which we are now concerned. By 
what means astronomers are enabled to compare the re- 
sults of the elliptic theory with observation, and thus 
satisfy themselves of its accordance with nature, will be 
explained presendy. 

(419.) It will Tlrst, however, be proper to point out 

A. 
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what particular theoretical conclusion is involved in each 
of the three laws of Kepler, considered as satisfactorily 
established, — what indication each of them separately 
affords of the mechanical forces prevalent in our system, 
and the mode in which its parts are connected — ^and bow, 
when thus considered, they constitute the basis on which 
the Newtonian explanation of the mechanism of the hea- 
vens is mainly supported. To begin with the first law, 
that of the equable description of areas. — Since the pla- 
nets move in curvilinear paths, they must (if they be bo- 
dies obeying the laws of dynamics) be deflected from 
their otherwise natural rectilinear progress by force. And 
from this law, taken as a matter of observed fact, it fol- 
lows, that the direction of such force, at every point of 
the orbit of each planet, always passes through the aun. 
No matter from what ultimate cause the power which ii 
called gravitation originates — ^be it a virtue lodged in 
the. sun as its receptacle, or be it pressure from withoatf 
or the resultant of many pressures or solicitations of un- 
known fluids, magnetic or electric ethers, or impulses — 
still, when finally brought under our contemplation, and 
summed up into a single resultant energy, its direction 
19, from every point on all sides, towatds the surCs cenr 
tre. As an abstract dynamical proposition, the reader 
will find it demonstrated by Newton, in the Ist proposi- 
tion of the Principia, widi an elementary simplicity to 
which we really could add nothing but obscurity by amjdi- 
fication, that any body, urged towards a certain central 
point by a force continually directed thereto, and thereby 
deflected into a curvilinear path, will describe about that 
centre equal areas in equal times ; and vice veraOt that 
such equable description of areas is itself the essential 
criterion of a continual direction of the acting force to- 
wards the centre to which this character belongs. The 
first law of Kepler, then, gives us no information as to the 
nature or intensity of the force urging the planets to the 
sun ; the only conclusion it involves, is that it does so 
urge them. It is a property of orbitual rotation under 
the influence of central forces generally, and as such, we 
daily see it exemplified in a thousand familiar instances. 
A simplt" experimental illustration of it is to tie a bullet 
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to a thin string, and, having whirled it round with a mo- 
derate velocity in a vertical plane, to draw the end of the 
string through a small ring, or allow it to coil itself round 
the finger, or a cylindrical rod held very firmly in a hori- 
zontal position. The bullet will then approach the centre 
of motion in a spiral line ; and the increase not only of its 
angular but of its linear velocity, and the rapid diminution 
of its periodic time when near the centre, will express, 
more clearly than any words, the compensation by which 
its uniform description of areas is maintained under a 
constantly diminishing distance. If the motion be re- 
versed, and the thread allowed to uncoil, beginning with 
a rapid impulse, the velocity will diminish by the same 
degrees as it before increased. The increasing rapidity 
of a dancer's pirouette^ as he draws in his limbis and 
straightens his whole person, so as 1o bring every part of 
his frame as near as possible to the axis of his motion, is 
another instance where the connexion of the observed 
effect with the central force exerted, though equally real, 
b much less obvious. 

(420.) The second law of Kepler, or that which as- 
serts that the planets describe ellipses about the sun as 
their focus, involves, as a consequence, the law of solar 
gravitation (so be it allowed to call the force, whatever it 
be, which urges them towards the sun) as exerted on each 
individual planet, apart from ail connexion with the rest. 
A straight line, dynamically speaking, is the only path 
which can be pursued by a body absolutely free, and un- 
der the action of no external force. All deflection into a 
curve is evidence of the exertion of a force ; and the 
greater the deflection in equal times, the more intense the 
force. Deflection from a straight line is only another 
word for curvature of path ; and as a circle is character- 
ized by the uniformity of its curvature in all its parts — ^so 
is every other curve (as an ellipse) characterized by the 
particular law which regulates the increase and diminu- 
tion of its curvature as we advance along its circumfe- 
rence. The deflecting force, then, which continually 
bends a moving body into a curve, may be ascertained^ 
provided its direction, in the first place, and, secondly, 
the law of curvature of the curve itself, be known. Both 
these enter as elements into the expression of the force. A 
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ant of the earth most naturally refers the rest of the solar 
system, as a sort of ground-plane ; and the axis of its 
orbit might be taken for a line of departure in that plane 
or origin of angular reckoning. Were the 2Lxis Jixed^ 
this would be the best possible origin of longitudes ; but 
as it has a motion (though an excessively slow one), 
there is, in fact, no advantage in reckoning from the axis 
more than from the line of the equinoxes, and astrono- 
mers therefore prefer the latter, taking account of its va- 
riation by the effect of precession, and restoring it, by 
calculation at every instant, to a fixed position. Now, 
"SO determine the situation of the ellipse described by a 
planet with respect to this plane, three elements require 
-•o be known: — 1st, the inclination of the plane of the 
vlanet's orbit to the plane of the ecliptic ; 2dly, the line 
"■n which these two planes intersect each other, which of 
-•lecessity passes through the sun, and whose position 
^ irith respect to the line of the equinoxes is therefore 
»riven by stating its longitude. This line is called the 
.-•rji.e of the nodes. When the planet is in this line, in 
'"».« act of passing from the south to the north side of 
rA^ ecliptic, it is in its ascending node, and its longitude 
— that moment is the element called the longitude of the 
:^ de. These two data determine the situation of the 
■ '^<iw\e of the orbit ; and there only remains, for the com- 
-^te determination of the situation of the planet's ellipse, 
icnow how it is placed in tliat plane, which (since its 
.--taa is necessarily in the sun) is ascertained by stating 
longitude of its perihelion, or the place which the 
*"«mity of the axis nearest the sun occupies, when 
■- og^raphically projected on the ecliptic. 
-^*85.) The dimensions and situation of the planet's 
_ • * thus determined, it only remains, for a complete 
;. »aintance with its history, to determine the circum- 
s of its motion in the orbit so precisely fixed. 
9 for this purpose, all that is needed is to know the 
2 at of time when it is either at the perihelion, or 
er precisely determined point of its orbit, and 
' id ; for these being known, the law of the 
^e place at every other instant. This 
the perihelion is the point 
utf^^ or» when some point of 
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body may describe, for instance, an ellipse, under a great 
variety of dispositions of the acting forces : it may glide 
alouij it, for example, as a bead upon a polished wire, 
bent into an elliptic form ; in which case the acting force 
is always perpendicular to the wire, and the velocity is 
uniform. In this case the force is directed to no fixed 
centre, and there is no equable description of areas at all. 
Or it may describe it as we may see it done, if we sus- 
pend a ball by a very long string, and, drawing it a little 
aside from the perpendicular, throw it round with a gen- 
tle impulse. In this case the acting force is directed to 
the centre of the ellipse, about which areas are described 
equably, and to which a force proportional to the distance 
(tlic decomposed result of terrestrial gravity) perpetually 
urges it. This is at once a very easy experiment, and a very 
instructive one, and we shall again refer to it. In the 
case before us, of an ellipse described by the action of a 
force directed to the focus, the steps of the investigation 
of the law of force are these : 1st, The law of the areas 
determines the actual velocity of the revolving body at 
every point, or the space really run over by it in a given 
minute portion of time ; 2dly, The law of curvature of the 
ellipse determines the linear amount of deflection from the 
tangent in the direction of the focus, which corresponds 
to that space so run over ; 3dly, and lastly. The laws of 
accelerated motion declare that the intensity of the acting 
force causing such deflection in its own direction^ is mea- 
sured by or proportional to the amount of that deflection, 
and may therefore be calculated in any particular position, 
or generally expressed by geometrical or algebraic sym- 
bols, as a law independent of particular positions, when 
that deflection is so calculated or expressed. We have 
here the spirit of the process by which Newton has resolved 
this interesting problem. For its geometrical detail, wo 
must refer to die 3d section of his Principia. We know 
of no artificial mode of imitating this species of eUiptic 
motion ; ihougJi a rude approximation to it— enough, 
however, to give a conception of the alternate approach 
and recess of the revolving body to and from the focus, 
and tlu3 variation of its velocity — may be had by suspend- 
ing a small steel bead to a fine and very long silk fibre, 
and setting it to revolve in a small orbit round the pole of 
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E>werful cylindrical magnet^ held upright, and verti* 
y under the point of suspension. 
(421.) The third law of Kepler, which connects the 
distances and periods of the planets hy a general rule^ 
bears with it, as its theoretical interpretation, this im- 
portant consequence, viz. that it is one and the same 
force, modified only by distance from die sun, which 
retains ail the planets in their orbits about it. That the 
attraction of the sun (if such it be) is exerted upon all 
the bodies of our system indifferently, without regard to 
the peculiar materials of which they may consist, in the 
exact proportion of their inertias, or quantities of matter; 
that it IS not, therefore, of the nature of the elective at- 
tractions of chymistry, or of magnetic action, which is 
powerless on other substances than iron and some one 
or two more, but is of a more universal character, and 
extends equally to all the material constituents of our 
system, and (as we shall hereafter see abundant reason to 
admit) to those of other systems than our own. This 
law, important and general as it is, results, as the sim- 
plest of corollaries, from the relations established by 
Newton in the section of the Frincipia referred to 
(prop. XV.), from which proposition it results, that if 
the earth were taken from its actual orbit, and launched 
anew in space at the place, in the direction, and with 
the velocity of any of the other planets, it would describe 
the very same orbit, and in the same period, which that 
planet actually does, a very minute correction of the pe- 
riod only excepted, arising from the difference between 
the mass of the earth and that of the planet. Small as the 
planets are compared to the sun, some of them are not, 
as the earth is, mere atoms in the comparison. The 
strict wording of Kepler's law, as Newton has proved in 
his fifty-ninth proposition, is applicable only to the case 
of planets whose proportion to the central body is abso- 
lutely inappreciable. When this is not the case, the 
periodic time is shortened in the proportion of the 
square root of the number expressing the sun's mass 
or inertia, to that of the sum of the numbers expressing 
the masses of the sun and planet ; and in generd, what- 
ever be the masses of two bodies revolving round each 
other under the influence of the Newtonian law of gra- 

X2 
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vity, the square of their periodic time will be expressed 
by a fraction whose numerator is the cnibe of their mean 
distance, i. e, the greater semi-axis of their elliptic orbit, 
and whose denominator is t}ie sum of their masses. 
"When one of the masses is incomparably greater than 
the other, tliis resolves itself into Kepler's law ; but 
when this is not the case, the proposition thus general- 
ized stands in lieu of that law. In the system of the sun 
and planets, however, the numerical correction thus in 
troduced into the results of Kepler's law is too small to 
be of any importance, the mass of the largest of the 
planets (Jupiter) being much less than a thousandth 
part of that of the sun. We shall presently, however, 
perceive all the importance of this generalization, when 
we come to speak of the satellites. 

(422.) It will first, however, be proper to explain by 
what process of calculation the expression of a planet's 
elliptic orbit by its elements can be compared with ob- 
servation, and how we can satisfy ourselves that the 
numerical data contained in a table of such elements for 
the whole system does really exhibit a true picture of 
it, and afford the means of determining its state at every 
instant of time, by the mere application of Kepler's laws. 
Now, for each planet, it is necessary for this purpose to 
know, 1st, the magnitude and form of its ellipse; 2dlv, 
the situation of this ellipse in space, with respect to the 
ecliptic, and to a fixed line drawn therein ; 3dly, the 
local situation of the planet in its ellipse at some known 
epoch, and its periodic time or mean angular velocity, 
or, as it is called, its mean motion. 

(423.) The magnitude and form of an ellipse are de- 
termined by its greatest length and least breadth, or its 
two principal axes ; but for astronomical uses it is pre- 
ferable to use the semi-axis major (or half the greatest 
length), and the eccentricity or distance of the focus 
from the centre, which last is usually estimated in parts 
of the former. Thus, an ellipse, whose length is 10 
and breadth 8 parts of any scale, has for its major semi- 
axis 5, and for its eccentricity 3 such parts ; but when 
estimated in parts of the semi-axis, regarded as a unit, 
the eccentricity is expressed by tlie fraction |. 

(424). The ecliptic is the plane to which an inhabit- 
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ant of the earth most naturally refers the rest of the solar 
system, as a sort of ground-plane ; and the axis of its 
orbit might be taken for a line of departure in that plane 
or origin of angular reckoning. Were the 2Lx.is Jixedf 
this would be the best possible origin of longitudes ; but 
as it has a motion (though an excessively slow one)y 
there is, in fact, no advantage in reckoning from the axis 
more than from the line of the equinoxes, and astrono- 
mers therefore prefer the latter, taking account of its va- 
riation by the effect of precession, and restoring it, by 
calculation at every instant, to a fixed position. Now, 
to determine the situation of the ellipse described by a 
planet with respect to this plane, three elements require 
to be known: — 1st, the inclination of the plane of the 
planet's orbit to the plane of the ecliptic ; 2dly, the line 
in which these two planes intersect each other, which of 
necessity passes through the sun, and whose position 
with respect to the line of the equinoxes is therefore 
given by stating its longitude. This line is called the 
line of the nodes. When the planet is in this line, in 
the act of passing from' the south to the north side of 
the ecliptic, it is in its ascending node, and its longitude 
at that moment is the element called the longitude of the 
node. These two data determine the situation of the 
plane of the orbit ; and there only remains, for the com- 
plete determination of the situation of the planet's ellipse, 
to know how it is placed in that plane, which (since its 
focus is necessarily in the sun) is ascertained by stating 
the longitude of its perihelion, or the place which the 
extremity of the axis nearest the sun occupies, when 
orthographically projected on the ecliptic. 

(425.) The dimensions and situation of the planet's 
orbit thus determined, it only remains, for a complete 
acquaintance with its history, to determine the circum- 
stances of its motion in the orbit so precisely fixed. 
Now, for this purpose, all that is needed is to know the 
moment of time when it is either at the perihelion, o^ 
at any other precisely determined point of its orbit, anc 
its whole period ; for these being known, the law of th« 
ireas determines the place at every other instant. Thii^ 
moment is called (when the perihelion is the poiD' 
chosen) the ptriheli4m pai9atttt oti whaa \ 
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the orbit is fixed upon, without special reference to the 
perihelion, the epoch* 

(426.) Thus, then, we have seven particulars or ele- 
ments, whidi must be numerically stated, before we can 
reduce to calculation the state of the system at any 
given moment. But, these known, it is easy to ascertain 
the apparent positions of each planet, as it would be seen 
from the sun, or is seen from the earth at any time. 
The former is called the heliocentric^ the latter the geQ* 
centric, place of the planet. 

. (427."^ To commence with the 
S P/ heliocentric places. Let S re- 
present the sun ; APN the orbit 
'^of the planet, being an ellipse, 
having the sun S in its fociu, 
and A for its perihelion ; and let 
pd^ T represent the projection of the orbit on the plane 
of the ecliptic, intersecting the line of .equinoxes S T in 
7*, which, therefore, is the origin of longitudes. Then 
will SN be the line of nodes ; and if we suppose B to 
lie on the south, and A on the north side of the ecliptic, 
and the direction of the planet's motion to be from B to 
A, N will be the ascending node, and the angle 7* SN the 
longitude of the node. In like manner, if P be the place 
of the planet at any time, and if it and the perihelion A 
be projected on the ecliptic, upon the points j9 a, the angles 
T S/), T Sa, will be the respective heliocentric longitudes 
of tlie planet, and of the perihelion, the former of which 
is to be determined, and the latter is one of the given 
elements. Lastly, the angle joSP is the heliocentric lati- 
tude of the planet, which is also required to be known. 

(428.) Now, the time being given, and also the mo- 
ment of the pl'anet's passing the perihelion, the interval, 
or the time of describing the portion AP of the orbit, is 
given, and the periodical time, and the whole area of the 
ellipse being known, the law of proportionality of areas 
to tlie times of their description gives the magnitude of 
the area ASP. From this it is a problem of pure geo- 
metry to determine the corresponding angle ASP, which 
is called the planet's true anomaly. This problem is of 
the kind called transcendental, and has been resolved by 
a great variety of processes, some more, some less in 
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tricate. It offers, however, no peculiar difficulty, and is 
practically resolved virith great facility by the help of 
tables constructed for the purpose, adapted to tlie case of 
each particular planet.* 

(429.) The true anomaly thus obtained, the planet's 
angular distance from the node, or the angle NSP, is to 
be found. Now, the longitudes of the perihelion and 
node being respectively T a and T N, which are given, 
their difference aN is also given, and the angle N of the 
spherical right-angled triangle ANa, being the inclina- 
tion of the plane of the orbit to the ecliptic, is known. 
Hence we calculate the arc NA, or the angle NSA, 
which, added to ASP, gives the angle NSP required. 
And from this, regarded as the measure of the arc NP, 
forming the hypothenuse of the right-angled spherical 
triangle PN/>, whose angle N, as before, is known, it 
is easy to obtain the other two sides, Njo and Vp, The 
latter, being the measure of the angle />SP, expresses 
the planet's heliocentric latitude ; the former measures 
the angle NSp, or the planet's distance in longitude 
from its node, which, added to the known angle T SN, 
the longitude of the node, gives the heliocentric longitude. 
This process, however circuitous it may appear, when 
once well understood, may be gone through numerically, 
by the aid of the usual logarithmic and trigonometrical 
tables, in little more time than it will have taken the 
reader to peruse its description. 

(430.) The geocentric differs from the heliocentric 

place of a planet by reason of that parallactic change of 

apparent situation which arises from the earth's motion 

in its orbit. Were the planets' distance as vast as those 

• It will readily be understood, that, except in the case of uniform cir- 
cular motion, an equable description of arca«. about any centre is incom- 
patible with an equable description of an^fex. The object of the problem 
m the text is to pass from ihe area, 8upjp»osed known, to the angle, sup- 
posed unknown : in other words, to derive the true amount otangular 
motion from the perihelion, or the true anonudy from what is technically 
called the mean anomaly, that is, the mean angular motion which would 
have been performed had the motion in angle oeen uniform instead of 
the motion in area. It happens, fortunately, that this is the simplest of 
all problems of tiie transcendental kind, and can be resolved, in the 
most difficult case, by the rule of** false position," or trial and error, in a 
very few minutes. Nay, it may even be resolved int^tantly on inspec- 
tion by a simple and easily constructed piece of mechanism, of which the 
reader may aee a detcription in the Cambridm Fhiloaophical Tranmo 
tioDs, vol IV. p. 425b fay die author of this woit. 
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of the stirs, the earth's orbitual motion would be insen- 
sible when viewed from them, and they would alwayi 
appear to us hohl the same relative situations amon^ the 
fixed stars, as if viewed from the sun, t. f. they would 
then be seen in their heliocentric places. The differ- 
ence, then, between the heliocentric and geocentric 
places of a planet is, in fact, the same thing with its pa- 
rallax arising from the earth's removal from the centre 
of the system and its annual motion. It follows from 
this, that the first step towards a knowledge of its 
amount, and the consequent determination of the ap- 
parent place of each planet, as referred from the earth to 
the splierc of the fixed stars, must be to ascertain the 
proportion of its linear distances from the earth and 
from the sun, as compared with the earth's distance from 
the sun, and the angular positions of all three with re- 
spect to each other. 

(431.) Suppose, therefore, S to represent the ran, E 
the earth, and P the planet ; S T the line of equinoxes, 
T E the earth's orbit, and Pjo a perpendicular let fall 
fiom the planet on the ecliptic. Then will the angle 
SPIO (according to the general notion of parallax con- 
veyed in art. 69) represent the parallax of the planet 

arising from the change oF sta- 
O ,rtrs^ ^ion from S to E, EP will be 

the apparent direction of the 
'/o planet seen from E ; and if SQ 
be drawn parallel to E/?, the 
angle V SQ will be the geo- 
centric longitude of the planet, 
while T SE represents the heliocentric longitude of the 
earth, and T S/; that of the planet. The former of 
these, T SE, is given by the solar tables ; the latter, 
T S/) is found by the process above described (art. 429)* 
Moreover, SP is the radius vector of the planet's orbit, 
and SE that of the earth's, both of which are determined 
from the known dimensions of their respective ellipses, 
and the places of the l)odies in them at the assigned time. 
Lastly, the angle PS/} is the planet's heliocentric lati- 
tude. 

(432.) Our obji^ct, then, is, from all these data, to de- 
termine the ande T SQ and PEp, which is the geocen- 
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trie latitude. The process, then, will stand as follows : 
1st, In the trian-fle SP/?, right-angled at P, given SP, 
and the angle PSp (the planet's radius vector and helio- 
centric latitude,) find Sp, and Pjo ; 2dly, In the triangle 
BEp, given Sp (just found), SE (the earth's radius 
vector_), and the angle ESjo (the difference of heliocen- 
tric longitudes of the earth and planet), find the angle 
SpE, and the side E/>. The former being equal to the 
alternate angle pSQ, is the parallactic removal of the 
planet in longitude, which, added to V Sp, gives its helio- 
centric longitude. The latter, Ep (which is called the 
curtate distance of the planet from the earth), gives at 
once the geocentric latitude, by means of the right-angled 
triangle PEp, of which Ep and Pp are known sides, 
and the angle PEp is the longitude sought. 

(433.) The calculations required for these purposes 
are nothing but the most ordinary processes of plane 
trigonometry ; and, though somewhat tedious, are nei- 
ther intricate nor difficult. When executed, however, 
they afford us the means of comparing the places of 
the planets actually observed with the elliptic theory, 
with the utmost exactness, and thus putting it to the se- 
verest trial ; and it is upon the testimony of such compu- 
tations, so brought into comparison with observed facts, 
that we declare that theory to be a true representation of 
nature. 

(434.) The planets Mercury, Venus, Mars, Jupiter, 
and Saturn, have been known from the earliest ages in 
which astronomy has been cultivated. Uranus was dis- 
covered by Sir W. Herschel in 1781, March 13, in the 
course of a review of the heavens, in which every star 
visible in a telescope of a certain power was brought 
under close examination, when the new planet was im- 
mediately detected by its disc, under a high magnifying 
power. It has since been ascertained to have been ob- 
served on many previous occasions, with telescopes of 
insufficient power to show its disc, and even entered in 
catalogues as a star ; and some of the observations which 
have been so recorded have been used to improve and 
extend our knowledge of its orbit. The discovery of the 
ultra-zodiacal planets dates from the first day of 1801, 
when Ceres was discovered by Piazzi, at Palenno ; a 
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discovery speedily followed by those of June by Pro- 
fessor Harding, of Gdttingen ; and of Pallas and Vesta, 
by Dr. Olbers, of Bremen. It is extremely remarkable 
that this important addition to our system had been in 
some sort surmised as a thing- not unlikely, on the ground 
that the intervals between the planetary orbits go on 
doubling as we recede from the sun, or nearly so. Thus, 
the interval between the orbits of the earth and Venus is 
nearly twice that between those of Venus and Mercury ; 
that between the orbits of Mars and the earth nearly 
twice that between the earth and Venus; and so on. 
The interval between the orbits of Jupiter and Mars, 
however, is too great, and would form an exception to 
this law, which is, however, again resumed in the case 
of the three remoter planets. It was, therefore, thrown 
out, by the late Professor Bode of Berlin, as a possible 
surmise, that a planet might exist between Mars and 
Jupiter ; and it may easily be imagined what was the as- 
tonishment of astronomers to find four, revolving in orbits 
tolerably well corresponding with the law in question. 
No account, a priori, or from theory, can be given of this 
singular progression, which is not, like Kepler's laws, 
strictly exact in its numerical verification ; but the cir- 
cumstances we have just mentioned lead to a strong be- 
lief that it is something beyond a mere accidental coinci- 
dence, and belongs to the essential structure of the 
system. It has been conjectured that the ultra-zodiacal 
planets are fragments of some greater planet, which 
formerly circulated in that interval, but has been blown 
to atoms by an explosion ; and that more such fragments 
exist, and may be hereafter discovered. This may 
serve as a specimen of the dreams in which astronomers, 
like other speculators, ccasionally and harmlessly indulge. 
(435.) We shall devote the rest of this chapter to an 
account of the physical peculiarities and probable condi- 
tion of the several planets, so far as the former are known 
by observation, or the latter rest on probable grounds of 
conjecture. In this, three features principally strike us, 
as necessarily productive of extraordinary diversity in the 
provisions by which, if they be, like our earth, inhabited, 
animal life must be supported. There are, first, the dif- 
ference in their respective supplies of light and heat from 
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ithe sun ; secondly, the difference in the intensities of the 
gravitating forces which must subsist at their surfaces, or 
the different ratios which, on their several globes, the 
inertias of bodies must bear to their weights ; and, third- 
ly, the difference in the nature of the materials of which, 
from what we know of their mean density, we have 
every reason to believe they consist. The intensity of 
solar radiation is nearly seven times greater on Mercury 
than on the earth, and on Uranus 330 times less ; the 
proportion between the two extremes being that of 
upwards of 2000 to one. Let any one figure to himself 
the condition of our globe, were the sun to be septupled, 
to say nothing of the greater ratio ! or were it diminished 
to a seventh, or to a 300th of its actual power ! Again, 
the intensity of gravity, or its efficacy in counteracting 
muscular power and repressing animal activity on Jupiter 
is nearly three times that on the Earth, on Mars not more 
than one third, on the Moon one sixth, and on the four 
smaller planets probably not more than one twentieth ; 
giving a scale of which the extremes are in the proportion 
of sixty to one. Lastly, the density of Saturn hardly 
exceeds one eighth of the mean density of the earth, so 
that it must consist of materials not much heavier than 
cork. Now, under the various combinations of elements 
so important to life as these, what immense diversity 
must we not admit in the conditions of that great problem, 
the maintenance of animal and intellectual existence and 
happiness, which seems, so far as we can judge by what 
we see around us in our own planet, and by the way in 
which every comer of it is crowded with living beings, to 
form an unceasing and worthy object for the exercise of 
the Benevolence and Wisdom which presides over all ! 

(436.) Quitting, however, the region of mere specula- 
tion, we will now show what information the telescope 
affords us of the actual condition of the several planets 
within its reach. Of Mercury we can see little more than 
that it is round, and exhibits phases. It is too small, 
and too much lost in the constant neighbourhood of the 
Sun, to allow us to make out more of its nature. The 
real diameter of Mercury is about 3200 miles : its appa- 
rent diameter varies from 5" to 12". Nor does Venus 
offer any remarkable peculiarities : although its real dia- 

Y 
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meter is 7800 miles, and although it occasionally attains 
the considerable apparent diameter of 61", which is 
larger than that of any other planet, it is yet the most dif- 
ficult of them all to define with telescopes. The intense 
lustre of its illuminated part dazzles the sight, and exag- 
gerates every imperfection of the telescope ; yet we see 
clearly that its surface is not mottled over with permanent 
spots like the moon ; we perceive in it neither mountains 
nor shadows, but a uniform brightness, in which some- 
times we may, indeed, fancy obscurer portions, but can 
seldom or never rest fully satisfied of the fact. It is from 
some observations of this kind that both Venus and Mer- 
cury have been concluded to revolve on their axes in 
about the same time as the Earth. The most natural 
conclusion, from the very rare appearance and want of 
permanence in the spots, is, that we do not see, as in the 
Moon, the real surface of these planets, but only their 
atmospheres, much loaded with clouds, and which may 
serve to mitigate the otherwise intense glare of their sun- 
shine. 

(437.) The case is very different with Mars. In this 
planet we discern, with perfect distinctness, the outlines 
of what may be continents and seas. (See plate I. fig, 
1, which represents Mars in its gibbous state, as seen on 
the 16th of August,1830,in the 20-feet reflector at Slough.) 
Of these, the former are distinguised by that ruddy colour 
which characterizes the light of this planet (which always 
appears red and fiery), and indicates, no doubt, an ochrey 
tinge in the general soil, like what the red sandstone dis- 
tricts on the Earth may possibly ofier to the inhabitants 
of Mars, only more decided. Contrasted with this (by 
a general law in optics), the seas, as we may call them, 
appear greenish.* These spots, however, are not always 
to be seen equally distinct, though, when seen, they offer 
always the same appearance. This may arise from the pla- 
net not being entirely destitute of atmosphere and clouds ;t 
and what adds greatly to the probability of this is the ap- 
pearance of brilliant white spots at its poles,^-one of which 

^ * I have noticed the phenomena described in the text on many occft* 
riong, but never more distinct than on the occasion when the drawing 
was made from which the figure in plate I. is engraved. — AtUAar. 

tit has been surmised to have a veiy extenuve atmaii^re, but on IM 
lufficient or even plausible ground*. 
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appears in our figure, — which have been conjectured with 
a great deal of probability to be snow ; as they disappear 
when they have been long exposed to the sun, and are great- 
est when just emerging from the long night of their polar 
winter. By watching the spots during a whole night, 
and on successive nights, it is found that Mars has a ro- 
tation on an axis inclined about 30° 18' to the ecliptic, 
and in a period of 24*" 39*" 21' in the same direction as the 
earth's, or from west to east. The greatest and least appa- 
rent diameters of Mars are 4" and 18'', and its real dia- 
meter about 4100 miles. 

(438.) We come now to a much more magnificent pla- 
net, Jupiter, the largest of them all, being in diameter no 
less than 87,000 miles, and in bulk exceeding that of the 
Earth nearly 1300 times. It is, moreover, dignified by 
the attendance of four moons, satellites, or secondary 
planets, as they are called, which constantly accompany 
and revolve about it, as the moon does round the earth, 
and in the same direction, forming with their principal, 
or primary, a beautiful miniature system, entirely analo- 
gous to that greater one of which their central body is 
itself a member, obeying the same laws, and exemplifying, 
in the most striking and instructive manner, the preva- 
lence of the gravitating power as the ruling principle of 
their motions : of these, however, we shall speak more 
at large in the next chapter. 

(439.) The disc of Jupiter is always observed to be 
crossed in one certain direction by dark bands or belts, 
presenting the appearance in plate \*fig* 2, which repre- 
sents this planet as seen on the 23d of September, 1832, 
in the 20-feet reflector at Slough. These belts are, how- 
ever, by no means alike at all times ; they vary in breadth 
and in situation on the disc (though never in their general 
direction). They have even been seen broken up, and 
distributed over the whole face of the planet : but this 
phenomenon is extremely rare. Branches running out 
from them, and subdivisions, as represented in the figure, 
as well as evident dark spots, like strings of clouds, are 
by no means uncommon; and from these, attentively 
watched, it is concluded that this planet revolves in the 
surprisingly short period of 9** 55"" fiO* (sid. time), on an 
axis perpendicular to the direction of the bolts. Now, it 
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is very remarkable, and forms a most satisfactory com- 
ment on the reasoning by which the spheroidal figure of 
the earth has been deduced from its diurnal rotation, that 
the outline of Jupiter's disc is evidently not circular, but 
elliptic, being considerably flattened in the direction of its 
axis of rotation. This appearance is no optical illusion, 
but is authenticated by micrometrical measures, which 
assign 107 to 100 for the proportion of the equatorial and 
polar diameters. And to confirm, in the strongest man- 
ner, the truth of tliose principles on which our former 
conclusions have been founded, and fully to authorize 
their extension to this remote system, it appears, on calcu- 
lation, that this is really the degree of oblateness which 
corresponds, on those principles, to the dimensions of Ju- 
piter, and to the time of his rotation. 

(440.) The parallelism of the belts to the equator of 
Jupiter, their occasional variations, and the appearances 
of spots seen upon them, render it extremely probable 
that they subsist in the atmosphere of the planet, forming 
tracts of comparatively clear sky, determined by currents 
analogous to our trade-winds, but of a much more steady 
and decided character, as might indeed be expected from 
the immense velocity of its rotation. That it is the 
comparatively darker body of the planet which appears 
in the bells is evident from this, — that they do not come 
up in all their strength to the edge of the disc, but fade 
away gradually before they reach it. (See plate I. 
fig, 2.) The apparent diameter of Jupiter varies from 
30" to 46". 

(441.) A still more wonderful, and, as it may be 
termed, elaborately artificial mechanism, is displayed in 
Saturn, the next in order of remoteness to Jupiter, to which 
it is not much inferior in magnitude, being about 79,000 
miles in diameter, nearly 1000 times exceeding the earth 
in bulk, and subtending an apparent angular diameter at 
the earth, of about 16". This stupendous globe, be- 
sides being attended by no less than seven satellites or 
moons, is surrounded with two broad, flat, extremely 
thin rings, concentric with the planet and with each 
other ; both lying in one plane, and separated by a rery 
narrow interval from each other throughout their whole 
circumference, as they are from the planet by a miidi 
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wider. The dimensions of this extraordinary appendage 
are as follows :*— 

Miles 

Exterior diameter of exterior ring. = 176418. 

Interior ditto = 155^3. 

Exterior diameter of intericv ring =s 151690. 

Interior ditto = 117339. 

Equatorial diameter of the body as 79160. 

Interval between the planet ana interior ring. = 19090. 

Interval of the rings =s 1791. 

Thickness of the rings not exceeding = 100. 

The figure {Jig» 3, plate I.) represents Saturn surrounded 
by its rings, and having its body striped with dark belts, 
somewhat similar, but broader and less strongly marked 
than those of Jupiter, and owing, doubtless, to a similar 
cause. That the ring is a solid opake substance is shown 
by its throwing its shadow on the body of the planet, 
on the side nearest the sun, and on the other side re- 
ceiving that of the body, as shown in the figure. From 
the parallelism of the belts with the plane of the ring, 
it may be conjectured that the axis of rotation of the 
planet is perpendicular to that plane ; and this conjec- 
ture is confirmed by the occasional appearance of ex- 
tensive dusky spots on its surface, which when watched, 
like the spots on Mars or Jupiter, indicate a rotation in 
10** 29™ 17' about an axis so situated. 

(442.) The axis of rotation, like that of the earth, 
preserves its parallelism to itself during the motion of 
the planet in its orbit ; and the same is also the case 
with the ring, whose plane is constantly inclined at the 
same, or very nearly the same, angle to that of the orbit, 
and, therefore to the ecliptic, viz. 28° 40' ; and intersects 
the latter plane in a line, which makes an angle with the 
line of equinoxes of 170°. So that the nodes of the 
ring lie in 170° and 350° of longitude. Whenever, then, 
the planet happens to be situated in one or other of these 
longitudes, as at AB, the plane of the ring passes through 
the sun, which then illuminates only the ei\ge of it ; 
and as, at the same moment, owing to the smallness of 
the earth's orbit, E, compared with that of Saturn, the 

* These dimensions are calculated fiom Prof. Struve's micrometrio 
meaauroe, Mem. AsL Soc. iii. 901, with the exception of the thickness of 
the ring, which is concluded from my own observations, during its gra- 
dual extinction now in progress. The intervAi of the rings here stated 
ifpoMiblyaoimewhtttoofBaU. ^. 
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earth is necessarily not far out of that plane, and must, 
at all events, pass through it a little before or after that 
moment, it only then appears to us a very fine straight 
line, drawn across the disc, and projecting out on each 
side — indeed, so very thin is the ring, as to be quite in- 
visible, in this situation, to any but telescopes of extra- 
ordinary power. This remarkable phenomenon takes 
place at intervals of 15 years, but the disappearance of 
the ring is generally double, the earth passing twice 
through its plane before it is carried past our orbit by 
the slow motion of Saturn. This second disappearance 
is now in progress,* As the planet, however, recedes 
from these points of its orbit, the line of sight becomes 
gradually more and more inclined to the plane of the 
ring, which, according to the laws of perspective, ap- 
pears to open out into an ellipse which attains its greatest 
breadth when the planet is 90° from either node, as at 
CD. Supposing the upper part of the figure to be north, 
and the lower south of the ecliptic, the north side only 
of the ring will be seen when the planet lies in the 
semicircle ACB, and the southern only when in ADB. 
At the time of the greatest opening, the longer diameter 
is almost exactly double the shorter. 

(443.) It will naturally be asked how so stupendous 
an arch, if composed of solid and ponderous materials, 
can be sustained without collapsing and falling in upon 
the planet? The answer to this is to be found in.-a swift 
rotation of the ring in its own plane, which observation 
has detected, owing to some portions of the ring being 
a litde less bright than others, and assigned its period at 
lO** 29™ 17", which, from what we know of its dimen- 
sions, and of the force of gravity in the Saturnian sys- 
tem, is very nearly the periodic time of a satellite re- 
volving: at the same distance as the middle of its breadth. 
It is the centrifugal force, then, arising from this rotation, 
which sustains it; and, although no observation nice 
enough to exhibit a difference of periods between the 
outer and inner rings have hitherto been made, it is more 
than probable that such a difference does subsist as to 

* Tlie disappearance of the rings is complete, when observed with a 
reflector eighteen inches in aperture, and twenty feet in ibcal laqglik 
AprU 2i), im.—Author. 
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place each independently of the other in a similar state 
of equilibrium. 

(444.) Although the rings are, as we have said, very 
nearly concentric with the body of Saturn, yet recent 
micrometrical measurements of extreme delicacy have 
demonstrated that the coincidence is not mathematically 
exact, but that the centre of gravity of the rings oscillates 
round that of the body describing a very mmute orbit, 
probably under laws of much complexity. Trifling as 
this remark may appear, it is of the utmost importance 
to the stability of the system of the rings. Supposing 
them mathematically perfect in their circular form, and 
exactly concentric with the planet, it is demonstrable 
that they would form (in spite of their centrifugal force) 
a system in a state of unstable equilibrium, which the 
slightest external power would subvert — not by causing a 
rupture in the substance of the rings — but by precipita- 
ting them, unbroken, on the surface of the planet. For 
the attraction of such a ring or rings on a point or sphere 
eccentrically situate within them, is not the same in all 
directions, but tends to draw the point or sphere towards 
the nearest part of the ring, or away from the centre. 
Hence, supposing the body to become, from any cause, 
ever so little eccentric to the ring, the tendency of their 
mutual gravity is, not to correct but to increase this ec- 
centricity, and to bring the nearest parts of them toge- 
ther. (See chap. XI.) Now, external powers, capable 
of producing such eccentricity, exist in the attractions 
of the satellites, as will be shown in chap. XI. ; and in 
order that the system may be stable, and possess within 
itself a power of resisting the first inroads of such a ten- 
dency, while yet nascent and feeble, and opposing them 
by an opposite or maintaining power, it has been shown 
that it is sufficient to admit the rings to be loaded in some 
part of their circumference, either by some minute in- 
equality of thickness, or by some portions being denser 
than others. Such a load would give to the whole ring 
to which it was attached somewhat of the character of a 
heavy and sluggish satellite, maintaining itself in an 
orbit with a certain energy sufficient to overcome minute 
causes of disturbance, and establish an average bearing 
on its centre. But evea without supposing the existence 
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of any such load,— of which, after all, we have no 
proof,— and panting, therefore, in its full extent, the 
general instability of the equilibrium, we think we per- 
ceive, in the periodicity of all the causes of disturbance, 
a sufficient guarantee of its preservation. However 
homely be the illustration, we can conceive nothing more 
apt in every way to give a general conception of this 
maintenance of equilibrium under a constant tendency 
to subversion, than the mode in which a practised hand 
will sustain a long pole in a perpendicular position rest- 
ing on the finger by a continual and almost imperceptible 
variation of the point of support. Be that, however, as 
it may, the observed oscillation of the centres of the rings 
about that of the planet is in itself the evidence of a 
perpetual contest between conservative and destructive 
powers — both extremely feeble, but so antagonizing one 
another as to prevent the latter from ever acquiring an 
uncontrollable ascendancy, and rushing to a catastrophe. 

(445.) This is also the place to observe, that, as the 
smallest difference of velocity between the body and rings 
must infallibly precipitate the latter on the former, never 
more to separate (for they would, once in contact, have 
attained a position of stable equilibrium, and be held to- 
gether ever after by an immense force) : it follows, either 
that their motions in their common orbit round the sun 
must have been adjusted to each other by an external 
power, with the minutest precision, or that the rings must 
have been formed about the planet while subject to their 
common orbitual motion, and under the full and free in- 
fluence of all the acting forces. 

(446.) The rings of Saturn must present a magnificent 
spectacle from those regions of the planet which Ue above 
their enlightened sides, as vast arches spanning the sky 
from horizon to horizon, and holding an invariable situa* 
tion among the stars. On the other hand, in the regions 
beneath the dark side, a solar eclipse of fifteen years in 
duration, under their shadow, must afibrd (to our ideas) 
an inhospitable asylum to animated beings, ill compen- 
sated by the faint light of the satellites. But we shall do 
wrong to judge of the fitness or unfitness of their con- 
dition from what we see around us, when, perhaps, the 
very combinations which convey to our minds only imr 
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ages of honor, may be in reality theatres of the most 
striking and glorious displays of beneficent contrivance, 

(447.) Of Uranus we see nothing but a small, round, 
uniformly illuminated disc, without rings, belts, or dis* 
cernibie spots. Its apparent diameter is about 4'', from 
which it never varies much, owing to the smallness of 
our orbit in comparison of its own. Its real diameter is 
about 35,000 miles, and it^ bulk 80 times that of the 
earth. It is attended by satellites — two at least, probably 
five or six — whose orbits (as will be seen in the next 
chapter) offer remarkable peculiarities. 

^448.) If the immense distance of Uranus precludes 
all hope of coming at much knowledge of its physical 
state, the minuteness of the four ultra-zodiacal planets 
is no less a bar to any inquiry into theirs. One of them, 
Pallas, is said to have somewhat of a nebulous or hazy 
appearance, indicative of an extensive and vaporous at- 
mosphere, little repressed and condensed by Uie inade- 
quate gravity of so small a mass. No doubt the most 
remarkable of their peculiarities must lie in this condi- 
tion of their state. A man placed on one of them would 
spring with ease 60 feet high, and sustain no greater 
shock in his descent that he does on the earth from leap- 
ing a yard. On such planets giants might exist ; and 
those enormous animals, which on earth require the buoy- 
ant power of water to counteract their weight, might 
there be denizens of the land. But of such speculation 
there is no end. 

(449.) We shall close this chapter with an illustration 
calculated to convey to the minds of our readers a gene- 
ral impression of the relative magnitudes and distances 
of the parts of our system. Choose any well levelled 
field or bowling green. On it place a globe, two feet m 
diameter ; this will represent the Sun ; Mercury will be 
represented by a grain of mustard seed, on the circum- 
ference of a circle 164 feet in diameter for its orbit; 
Venus a pea, on a circle 284 feet in diameter; the Earth 
also a pea, on a circle of 430 feet ; Mars a rather large 
pin's head, on a circle of 654 feet ; Juno, Ceres, Vesta, 
and Pallas, grains of sand, in orbits of from 1000 to 1200 
feet ; Jupiter a moderate-sized orange, in a circle nearly 
half a mile acroeB ; Saturn a small orange, on a circle of 
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four-fifths of a mile ; and Uranus a full-sized cherry, or 
small plum, upon the circumference of a circle more than 
a mile and a half in diameter. As to getting correct no- 
tions on this subject by drawing circles on paper, or, 
still worse, from those very childish toys called orreries, 
it is out of the question. To imitate Uie motions of the 
planets, in the above-mentioned orbits. Mercury must 
describe its own diameter in 41 seconds ; Venus, in 4"* 
14'; the earth, in 7 minutes ; Mars, in 4"' 48'; Jupiter, 
in 2*^ 56" ; Saturn, in 3^ 13" ; and Uranus, in 2»» 16™. 



CHAPTER IX. 

OF THB SATELLITES. 

Of the Moon, as a Satellite of the Earth— General Proxhnitjr of Satellites 
to their Primaries, and consequent Subordination of their Motions-^ 
Alasseaof the Primaries concluded from the Periods of their Satellitet 
— Maintenance of Kepler's Laws in the secondary Systems— Of Jupi 
ter's Satellites — ^Their Eclipses, &c. — Velocity of light discovered bj 
their Means — Satellites of Saturn — Of Uranus. 

(450.) In the annual circuit of the earth about the buu, 
it is constantly attended by its satellite the moon, which 
revolves round it, or rather both round their common 
centre of gravity; while this centre, strictly speaking, 
and not either of the two bodies thus connected, moves 
in an elliptic orbit, undisturbed by their mutual action, 
just as the centre of gravity of a large and small stone 
tied together and flung into the air describes a parabola 
as if it were a real material substance under the earth's 
attraction, while the stones circulate round it or round 
each other, as we choose to conceive the matter. 

(451.) If we trace, therefore, the real curve actually 
described by either the moon's or the earth's centres, in 
virtue of this compound motion, it will appear to be, not 
an exact ellipse, but an undulated curve, like that repre- 
sented in the figure to article 272, only that the nnmbei 
of undulations in a whole revolution is but 13, and their 
actual deviation from the general ellipse, which serves 
them as a central line, is comparatively very much smaller; 
so much so, indeed, that every part of the curve described 
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by either the earth or moon ia concave towards the sun. 
The excursions of the earth on either side of the ellipse, 
indeed, are so very small as to be hardly appreciable. In 
fact, the centre of gravity of the earth and moon lies al- 
ways within the surface of the earth, so that the monthly 
orbit described by the earth'» centre about the common 
centre of gravity is comprehended within a space less 
than the size of the earth itself. The effect is, neverthe 
less, sensible, in producing an apparent monthly dis- 
placement of the sun in longitude, of a parallactic kind, 
which is called the menstnud equation ; whose greatest 
amount is, however, less than the sun's horizontal paral 
lax, or than 8-6". 

(452.) The moon, as we have seen, is about 60 radii 
of the earth distant from the centre of the latter. Its 
proximity, therefore, to its centre of attraction, thus esti- 
mated, is much greater than that of the planets to the 
sun ; of which. Mercury, the nearest, is 84, and Uranus 
2026 solar radii from its centre. It is owing to this prox- 
imity that the moon remains attached to the earth as a 
satellite. Were it much farther, the feebleness of its 
gravity towards the earth would be inadequate to produce 
that alternate acceleration and retardation in its motion 
about the sun, which divests it of the character of an in- 
depenlent planet, and keeps its movements subordinate 
to those of the earth. The one would outrun, or be left 
behind the other, in their revolutions round tlie sun (by 
reason of Kepler's third law), according to the relative 
dimensions of their heliocentric orbits, after which the 
whole influence of the earth would be confined to pro- 
ducing some considerable periodical disturbance in the 
moon's motion, as it passed or was passed by it in each 
synodical revolution. 

(453.) At the distance at which the moon really is 
from us, its gravity towards tlie earth is actually less than 
towards the sun. That this is the case, appears suffi- 
ciently from what we have already stated, that tlie moon's 
real path, even when between the earth and sun, is con- 
cave totvards the latter. But it will appear still more 
clearly if, from the known periodic times* in which the 

* K and r radii of two orlnti ^ppoied ciicalar), P and p the p«riodie 
tuwm ; then the arcs in<ymtiion(A and a) an to eachocher ^ p ^ *;: 



1B74 A TRSATIBS ON ASTRONOMY. |^CHAP. IX. 

■ 

earth completes its annual and the moon its monthly orbit, 
and from the dimensions of those orbitSf we calculate the 
amount of deflection, in either, from their tangents, in 
equal very minute portions of time, as one second. 
These are the versed sines of the arcs described in that 
time in the two orbits, and these are the measures of the 
acting forces which produce these deflections. If we 
execute the numerical calculation in the case before us, 
we shall find 2*209 : 1 for the proportion in which tlie 
intensity of the force which retains the earth in its orbit 
round the sun actually exceeds that by which the moon 
is retained in its orbit about the earth. 

(454.) Now the sun is 400 times more remote from 
the earth than the moon is. And, as gravity increases as 
the squares of the distances decrease, it must follow that, 
at equal distances, the intensity of solar would exceed 
that of terrestrial gravity in the above proportion, aug- 
mented in the further ratio of the square of 400 to 1 ; 
that is, in the proportion of 354936 to 1 ; and therefore, 
if we grant that the intensity of the gravitating energy is 
commensurate with the mass or inertia of the attracting 
body, we are compelled to admit the mass of the earth 

to be no more than 754V3 f ^^ ^^^* ^^ *^^ s""* 

(455.) The argument is, in fact, nothing more than a 
recapitulation of what has been adduced "in chap. VII, 
(art. 380.) But it is here re-introduced, in order to show 
how the mass of a planet which is^ attended by one or 
more satellites can be as it were weighed against the sun, 
provided we have learned from observation the dimen- 
sions of the orbits described by the planet about the sun, 
and by the satellites about the planet, and also the periods 
in which these orbits are respectively described. It is 
by this method that the masses of Jupiter, Saturn, and 
Uranus have been ascertained. (See Synoptic Table.) 

(456.) Jupiter, as already stated, is attended by fooi 
satellites, Saturn by seven ; and Uranus certainly by two, 
and perhaps by six. These, with their respective pn- 
maries (as the central planets are called), form in each 

•nd since the versed sines are as the squares of the arcs directly and the 

R. r 

radii inversely, these are to each other as ^ to — ; and in thia n£o >are 
die forces acting on the revolving bodies in eitfaier 
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case miniature systems, entirely analogous, in the ge- 
neral laws by which their motions are governed, to the 
great system in which the sun acts the part of the pri- 
mary, and the planets of its satellites. In each of these 
systems the laws of Kepler are obeyed, in the sense, 
that is to say, in which they are obeyed in the planetary 
system — approximately, and without prejudice to the 
effects of mutual perturbation, of extraneous interference, 
if any, and of ihaX small but not imperceptible correction 
which arises from the elliptic form of the central body. 
Their orbits are circles or ellipses of very moderate ec^ 
centricity, the primary occupying one focus. About this 
they describe areas very nearly proportional to the times;, 
and the squares of ths periodical times of all the satellites- 
belonging to each planet are in proportion to each othei; 
as the cubes of their distances, l^he tables at the end 
of the volume exhibit a synoptic view of the distanccA 
and periods in these several systems, so far as they are. 
at present known ; and to all of them it will be observed 
that the same remark respecting their proximity to their 
primaries holds good, as in the case of the moon, with a 
similar reason for such close connexion. 

(457.) Of these systems, however, the only one 
which has been studied with great attention is that of 
Jupiter; pardy on account of the conspicuous brilliancy 
of its four attendants, whidx are large enough to ofiisr 
visible and measurable discs in telescopes of great pow* 
er; but more for the sake of their eclipses, which, as 
they happen very frequently, and are easily observed, 
afford signals of considerable use' for the determination 
of terrestrial longitudes (art. 218). This method, in-« 
deed, until thrown into the back ground by the greater 
facility and exactness now attainable by lunar observa^ 
tions (art. 219), was the best, or rather the only one 
which could be relied on for great distances and long in- 
tervals. 

(458.) The satellites of Jupiter revolve from west to 
east (following the analogy of the planets and moon), in 
planes very nearly, although not exactly, coincident with 
tiiat of the equator of the planet, or parallel to its belts. 
Tliis latter plane is inclined 3'' 5' 30" to the orbit of the 
planet, and is therefore but little different from the plane 

Z 
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(jf the ecliptic. Accordingly, we see their orbits pro- 
jected very nearly into straight lines, in which they ap- 
pear to oscillate to and fro, sometimes passing before 
Jupiter, and casting shadows on his disc (which are 
very visible in good telescopes, like small round ink 
spots), and sometimes disappearing behind the body, or 
Jbeing eclipsed in its shadow at a distance from it. It is 
by these eclipses that we are furnished with accurate 
data for the construction of tables of the satellites' mo- 
tions, as well as with signals for determining differences 
of longitude. 

(459.) The eclipses of the satellites, in their general 
conception, are perfectly analogous to those of the moon, 
but in their detail they differ in several particulars. 
Owing to the much greater distance of Jupiter from the 
sun, and its greater magnitude, the cone of its shadow or 
umbra (art. 355) is greatly more elongated, and of far 
greater dimension, than that of the esoth. The satel- 
lites are, moreover, much less in proportion to their 
primary, their orbits less inclined to its ecliptic, and of 
(comparatively) smaller dimensions, than is the case with 
the moon. Owing to these causes, the three interior 
satellites of Jupiter pass through the shadow, and are 
totally eclipsed, every revolution ; and the fourth, though, 
from the greater inclination of its orbit, it sometimes 
escapes eclipse, and may occasionally graze as it were 
the border of the shadow, and suffer partial eclipse, yet 
this is comparatively rare, and, ordinarily speaking, its 
eclipses happen, like those of the rest, each revolution. 

(460.) These eclipses, moreover, are not seen, as is 
the case with those of the moon, from the centre of their 
motion, but from a remote station, and one whose situar 
tion with respect to the line of shadow is variable. 
This, of course, makes no difference in the timet of the 
eclipses, but a very great one in their visibility, and in 
their apparent situations with respect to the planet at the 
moment of their entering and quitting the Shadow. 

(461.) Suppose S to be the sun, E the earth in its 
orbit EFGK, J Jupiter, and at the orbit of one o£ its 
satellites. The cone of the shadow, then, will have its 
vertex at X, a point far beyond the orbits of all the sa- 
tellites ; and the penumbra, owing to the great distance 
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of the 8un, and the consequent smaUness of the angle its 
disc subtends at Jupiter, will hardly extend, within the 




limits of the satellites^ orbits, to any perceptible distance 
beyond the shadow, — ^for which reason it is not repre- 
sented in the figure. A satellite revolving from west to 
east (in the direction of the arrows) will be eclipsed 
when it enters the shadow at a, but not suddenly, be- 
cause, like the moon, it has a considerable diameter seen 
from the planet ; so that the time elapsing from the first 
perceptible loss of light to its total extinction will be that 
which it occupies in describing about Jupiter an angle 
equal to its apparent diameter as seen from the centre 
of the planet, or rather somewhat more, by reason of the- 
penumbra; and the same remark applies to its emer- 
gence at b. Now, owing to the difference of telescopes 
and of eyes, it is not possible to assign the precise mo- 
ment of incipient obscuration, or of total extinction at a, 
nor that of the first glimpse of light falling on the satel- 
lite at 6, or the complete recovery of its light. The cJb- 
servation of an eclipse, then, in which only the immer- 
sion, or only the emersion, is seen, is incomplete, and 
inadequate to afford any precise information, theoretical 
or practical. But, if both the immersion and emersion 
can be observed ivith the same telescope^ and by the 
same person, the interval of the times will give the da- 
ration, and their mean the exact middle of the eclipse^ 
when the satellite is in the line SJX, f . e. the true mo- 
ment of its opposition to the sun. 8ach observatioos, 
and such only, are of use for determining the periods and 
other particulars of the motions of the saiellitr;s, and for 
affording data of any material use for the calculation of 
terrestrial longitudes. The intervals of the eclipw:?*, it 
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will be obflenred, ^ve the synodic .perioda of the satel 
lites' revolutions ; from which their sidereal periods must 
be concluded by the method in art. 353 (note). 

(462.) It is evident, from a mere inspection of our 
figure, that the eclipses take place to the west of the 
planet, when the earth is situated to the west of the line 
S J, i. e. before the opposition of Jupiter ; and to tlie 
east, when in the other half of its orbit^ or after the op- 
position. When the earth approaches the opposition, the 
visual line becomes more and more nearly coincident 
with the direction of the shadow, and the apparent 
place where the eclipses happen will be oonlinually 
nearer and nearer to the body of the planet. When the 
earth comes to F, a point determined by drawing dF to 
touch the body of the planet, the emersions wiU cease 
to be visible, and will thenceforth, to an equal distance 
on the other side of the opposition, happen behind the 
disc of the planet. When the earth arrives at G (or H) 
the immersion (or emersion) wSl happen at the very 
edge of the visible disc, and when between G and H (a 
very small space) the satellites will pass tmeclipsed be* 
hind the limb of the planet. 

(463.) When the satellite comes to m, its shadow will 
be thrown on Jupiter, and will appear to move across it 
as a black spot till the satellite comes to n. But the satel- 
lite itself will not appear to enter on the dkic tiU it comes 
up to the line drawn from £ to the eastern edge of the 
disc, and will not leave it till it attains a Minilar line 
drawn to the western edge. It appears then that the 
shadow vr'iW, precede the satellite in its progress over the 
disc before the opposition, and vice versa* In these 
transits of the satellites, which, with very powerful 
telescopes, may be observed with great precision, it fre- 
quently happens that the satellite itself is discernible on 
the disc as a bright spot if projected on a dark belt ; but 
occasionally also as a dark spot of smaller dimensions 
than the shadow. This curious fact (observed by Schroe- 
ter and Harding) has led to a conclusion that certain 
of the satellites have occasionally on their own bodies, 
or in their atmospheres, obscure spots of great extent. 
We say of great extent; for the satellites of Jupiter* 
small as they appear to us, are really bodies of con* 



siderable size, as the following comparative table wiQ 
show,* 
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(464.) An extremely singular relation subsists be- 
tween the mean angular velocities or mean motions (as 
they are termed) of the three first satellites of Jupiter. 
If the mean angular velocity of the first satellite be added 
to twice that of the third, the sum will equal three times 
that of the second. From this relation it follows, that if 
from the mean longitude of the first added to twice that 
of the third, be subducted three times that of the second, 
the remainder will always be the same, or constant, and 
observation informs us that this constant is ISO*', or two 
right angles ; so that, the situations of any two of them 
being given, that of the third may be found. It has been 
attempted to account for this remarkable fact, on the 
theory of gravity by their mutual action. One curious 
consequence is, that these three satellites cannot be all 
eclipsed at once ; for, in consequence of the last-men- 
tioned relation, when the second and third lie in the 
same direction from the centre, the first must lie on the 
opposite; and therefore, when the first is eclipsed, the 
other two must lie between the sun and planet, throwing 
its shadow on the disc, and vice versa. One instance only 
(so far as we are aware) is on record when Jupiter has 
been seen without satellites; viz. by Molyneux, Nov. 
2 (old style), I68I4 

(465.) The discovery of Jupiter's satellites by Galileo, 
one of the first-fruits of the invention of the telescope, 
forms one of the most memorable epochs in the history 
of astronomy. The first astronomical solution of the 
great problem of " the longitude^ — the most important 
for the interests of mankind which has ever been brought 
under the dominion of strict scientific principles, dates 

* Strove, Mem. Aat. Soc. iiL 901. t Laplace, Mec. Cel. Uv. viii. $ 37. 

t Molyoeux, Optics, p. 271. 
Z2 
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(jf the ecliptic. Accordingly, we see their orbits pro- 
jected very nearly into straight lines, in which they ap- 
pear to oscillate to and fro, sometimes passing before 
Jupiter, and casting shadows on his disc (which are 
very visible in good telescopes, like small round ink 
spots), and sometimes disappearing behind the body, or 
Jbeing eclipsed in its shadow at a distance from it. It is 
by these eclipses that we are furnished with accurate 
data for the construction of tables of the satellites' mo- 
tions, as well as with signals for determining differences 
of longitude. 

(459.) The eclipses of the satellites, in their general 
conception, are perfectly analogous to those of the moon, 
but in their detail they differ in several particulars. 
Owing to the much greater distance of Jupiter from the 
sun, and its greater magnitude, the cone of its shadow or 
umbra (art. 355) is greatly more elongated, and of far 
greater dimension, than that of the esoth. The satel- 
lites are, moreover, much less in proportion to their 
primary, their orbits less inclined to its ecliptic, and of 
(comparatively) smaller dimensions, than is the case with 
the moon. Owing to these causes, the three interior 
satellites of Jupiter pass through the shadow, and are 
totally eclipsed, every revolution ; and the fourth, though, 
from the greater inclination of its orbit, it sometimes 
escapes eclipse, and may occasionally graze as it were 
the border of the shadow, and suffer partial eclipse, yet 
this is comparatively rare, and, ordinarily speaking, its 
eclipses happen, like those of the rest, each revolution. 

(460.) These eclipses, moreover, are not seen, as is 
the case with those of the moon, from the centre of their 
motion, but from a remote station, and one whose situar 
tion with respect to the line of shadow is variable. 
This, of course, makes no difference in the timet of the 
eclipses, but a very great one in their visibility, and in 
their apparent situations with respect to the planet at the 
moment of their entering and quitting the Shadow. 

(461.) Suppose S to be the sun, E the earth in its 
orbit EFGK, J Jupiter, and at the orbit of one of its 
satellites. The cone of the shadow, then, will have its 
vertex at X, a point far beyond the orbits of all the sa- 
tellites ; and the penumbra, owing to the great distance 
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of the sun, and the consequent smallncss of the angle its 
disc subtends at Jupiter, will hardly extend, within the 




limits of the satellites^ orbits, to any perceptible distance 
beyond the shadow, — for which reason it is not repre- 
sented in the figure. A satellite revolving from west to 
east (in the direction of the arrows) will be eclipsed 
when it enters the shadow at a, but not suddenly, be- 
cause, like the moon, it has a considerable diameter seen 
from the planet ; so that the time elapsing from the first 
perceptible loss of light to its total extinction will be that 
which it occupies in describing about Jupiter an angle 
equal to its apparent diameter as seen from the centre 
of the planet, or rather somewhat more, by reason of the- 
penumbra; and the same remark applies to its emer- 
gence at b. Now, owing to the difference of telescopes 
and of eyes, it is not possible to assign the precise mo- 
ment of incipient obscuration, or of total extinction at a, 
nor that of the first glimpse of light falling on the satel- 
lite at 6, or the complete recovery of its light. The ob- 
servation of an eclipse, then, in which only the immer- 
sion, or only the emersion, is seen, is incomplete, and 
inadequate to afford any precise information, theoretical 
or practical. But, if both the immersion and emersion 
can be observed imth the same telescope, and by the 
same person, the interval of the times will give the du- 
ration, and their mean the exact middle of the eclipse, 
when the satellite is in the line SJX, i. e. the true mo- 
ment of its opposition to the sun. Such observations, 
and such only, are of use for determining the periods and 
other particulars of the motions of the satellites, and for 
affording data of any material use for the calculation of 
terrestrial longitudes. The intervals of the eclipses, it 
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infinitely thin fibre of light to which it is then reduced, and 
for a short time advancing off it at either end, speedily to 
return, and hastening to their habitual concealment. 
Owing to the obliquity of the ring, and of the orbits of 
the satellites to Saturn's ecliptic, tnere are no eclipses of 
the satellites (the interior ones excepted) until near the 
time when the ring is seen edgewise. 

(469.) With the exception of the two interior satel- 
lites of Saturn, the attendants of Uranus are the most dif- 
ficult objects to obtain a sight of, of any in our system. 
Two undoubtedly exist, and four more have been sus- 
pected. These two, however, offer remarkable and, in- 
deed, quite unexpected and unexampled peculiarities. 
Contrary to the unbroken analogy of the whole planet- 
ary system — whether of primaries or secondaries — the 
planes of their orbits are nearly perpendicular to the 
ecliptic^ being inclined no less than 78° 58' to that plane, 
and in these orbits their motions are retrograde ; that is 
to say, their positions, when projected on the ecliptic, 
instead of advancing from west to east round the centre 
of their primary, as is the case with every other planet 
and satellite, move in the opposite direction. Their 
orbits are nearly or quite circular, and they do not appear 
to have any sensible, or, at least, any rapid motion of 
nodes, or to have undergone any material change of incli- 
nation, in the course, at least, of half a revolution of their 
primary round the sun.* 

* These anomalous peculiarities, which seem to occur at the extreme 
limits of our system, as if to prepare us for further departure from all in 
analogies, in other systems which may yet be disclosed to ns, have hiA* 
6 rto rested on the sole testimony of their discoverer, who alone had ever 
obtained a view of them. I am happy to be able, from my own observa- 
tions from 1828 to the present time, to confirm, in the amplest manner, my 
&ther'8 results. — Author. 
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GHAPTE^R X. 

OF COMETS. 

Great Number of recorded Comets — ^The number of unrecorded probar 
bly much greater — Description of a Comet — Comets without Tails — 
Increase and Decay of their Tails— Their Motions — Subject to the 
general Laws of planetary Motion — ^Elements of their Orbits — Periodic 
Return of certain Comets — ^Halley's — Encke's — Biela's — Dimensions of 
C(Mnet8 — ^Their Resistance by the Ether, gradual Decay, and poesibte 
Dispersion in Spitce. 

(470.) The extraordinary aspect of comets, their rapid 
and seemingly irregular motions, the unexpected manner 
in \yhich they often burst upon us, and the imposing 
magnitudes which they occasionally assume, have in adl 
ages rendered them objects of astonishment, not unmixed 
with superstitious dread to the uninstructed, and an enig- 
ma to those most conversant with the wonders of crea- 
tion and the operations of natural causes. Even now, 
that we have ceased to regard their movements as irregu- 
lar, or as governed by other laws than those which retain 
the planets in their orbits, their intimate nature, and the 
offices they perform in the economy of our system, are 
as much unknown as ever. No rational or even plausible 
account has yet been rendered of those immensely volu- 
minous appendages which they bear about with them, 
and which are known by the name of their tails, (though 
improperly, since they often precede them in theii mo- 
tions), any more than of several other singularities which 
they present^ 

(471.) The number of comets which have been astro- 
nomically observed, or of which notices have been re- 
corded in history, is very great, amounting to several 
.hundreds ;♦ and when we consider that in the earlier ages 
of astronomy, and indeed in more recent times, before the 
invention of the telescope, only large and conspicuous 

* See catalogues in the Almagest of j^cioli ; Pingre's Cometf^;raphia ; 
Delambre's Astron. vol. iii. ; Astronomische Abhandlungen, No. 1. 
(which contains the elements of all the orbits of comets which have been 
computed to the time of its publication, 1823) ; also, a catalogue now in 
progress, by the Rev. T. J. Hussey. Loti. & Ed. Phil. Mag. voL ii. No. 9. 
€tseq. Id a list cited by UaildefiNtmtbe 1st vd. of the Tables de Ber- 
lin, 700 comets are enumerated. 



284 A TBSATISB ON ASTRONOMY. [cHAP. X. 

ones were notioe^ ; ^^nd that, since due attention has been 
paid to the subject, scarcely a year has passed without 
the observation of one or two of these bodies, and that 
sometimes two and even three have appeared at once ; it 
will be easily supposed that their actual number must be 
at least many thousands. Multitudes, indeed, must es- 
cape all observation, by reason of their paths traversing 
only that part of the heavens which is above the horizon 
in the daytime. Comets so circumstanced can only be- 
come visible by the rare coincidence of a total eclipse of 
the sun, — a coincidence which happened, as related by 
Seneca, 60 years before Christ, when a large comet was 
actually observed very near the sun. Several, however, 
stand on record as having been bright enough to be seen 
in the daytime, even at noon and in bright sunshine. 
Such were the comets of 1402 and 1532, and that which 
appeared a little before the assassination of Caesar, and 
was {afterwards) supposed to have predicted his death. 
(472.) That feelings of awe and astonishment should 
be excited by the sudden and unexpected appearance of 
a great comet, is no way surprising ; being, in fact, ac- 
cording to the accounts we have of such events, one of 
the most brilliant and imposing of all natural phenomena. 
Comets consist for the most part of a large and splendid 
but ill defined nebulous mass of lights called the head, 
which is usually much brighter towards the centre, and 
offers the appearance of a vivid nucleus, like a star or pla- 
net. From the head, and in a direction opposite to that 
in which the sun is situated from the comet, appear to 
diverge two streams of light, which grow broader and 
more diffused at a distance from the head, and whick 
sometimes close in and unite at a little distance behind 
it, sometimes continue distinct for a great part of their 
course ; producing an effect like that of the trains lefl by 
some bright meteors, or like the diverging fire of a sky- 
rocket (only without sparks or perceptible motion). This 
is the tail. This magnificent appendage attains occasion- 
ally an immense apparent length. Aristotle relates of the 
tail of the comet of 371 a. cf., that it occupied a third of 
the hemisphere, or 60° ; that of a. d. 1618 is stated to 
have been attended by a train no less than 104° in length. 
The comet of 1680, the most celebrated of modem timeSf 
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and on many accounts the most remailfildiiC of all, with a 
head not exceeding in brightness a star of the second 
magnitude, covered with its tail an extent of more than 
70° of the heavens, or, as some accounts state, 90°. The 
figure {Jig. 2, plate II.) is a very correct representation 
of the comet of 1819 — ^by no means one of the most con- 
siderable, but the latest which has been conspicuous to 
the naked eye. 

(473.) The tail is, however, by no means an invariable 
appendage of comets. Many of the brightest have been 
observed to have short and feeble tails, and not a few have 
been entirely without them. Those of 1585 and 1763 
offered no vestige of a tail ; and Cassini describes the 
comet of 1682 as being as round and as bright as Jupiter. 
On the other hand, instances are not wanting of comets 
furnished with many tails or streams of diverging light. 
That of 1744 had no less than six, spread out like an im- 
mense fan, extending to a distance of nearly 30° in length. 
The tails of comets, too, are often curved, bending, in 
general, towards the region which the comet has left, as 
if moving somewhat more slowly, or as if resisted in their 
course. 

(474.) The smaller comets, such as are visible only in 
telescopes, or with difficulty by the naked eye, and which 
are by far the most numerous, offer very frequently no 
appearance of a tail, and appear only as round or some^ 
what oval vaporous masses, more dense towards the cen- 
tre, where, however, they appear to have no distinct nu- 
cleus, or any thing which seems entitled to be considered 
as a solid body. Stars of the smallest magnitude remain 
distinctly visible, though covered by what appears to be 
the densest portion of their substance ; although the same 
stars would be completely obliterated by a moderate fog, 
extending only a few yards from the surface of the earth. 
And since it is an observed fact, that evei^ those larger 
comets which have presented the appearance of a nu- 
cleus have yet exhibited no phitsea, though we cannot 
doubt that they shine by the reflected solar light, it fol- 
lows that even these can only be regarded as great masses 
of thin vapour, susceptible of being penetrated through 
their whole substance by the sunbeams, and reflecting 
them alike from their interior parts and from their sur- 
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faces. Nor will any one regard #iifii explanation as 
forced, or feel disposed to resort to a phosphorescent qua 
lity in the comet itself, to account for the phenomena in 
question, when we consider (what will be hereafter 
shown) the enormous magnitude of the space thus illumi- 
nated, and the extremely small mass which there is 
ground to attribute to these bodies. It will then be evi- 
dent that the most unsubstantial clouds which float in the 
highest regions of our atmosphere, and seem at sunset to 
be drenched in light, and to. glow throughout their whole 
depth as if in actual ignition, without any shadow or dark 
side, must be looked upon as dense and massive bodies 
compared with the filmy and all but spiritual texture of 
a comet. Accordingly, whenever powerful telescopes 
have been turned on these bodies, they have not failed to 
dispel the illusion which attributes solidity to that more 
condensed part of the head, which appears to the naked 
eye as a nucleus ; though it is true that in some, a very 
minute stellar point lias been seen, indicating the exist- 
ence of a solid body. 

(475.) It is in all probability to the feeble cx>ercionof 
the elastic power of their gaseous parts, by the gravitation 
of so small a central mass, that we must attribute this ex- 
traordinary developement of the atmospheres of comets. 
If the earth, retaining its present size, were reduced, by 
any internal change (as by hollowing out its central 
parts) to one thousandth part of its actual mass, its 
coercive power over the atmosphere would be dimi- 
nished in the same proportion, and in consequence the 
latter would expand to a thousand times its actual bulk ; 
and indeed much more, owing to the still farther dimi- 
nution of gravity, by the recess of the upper parts from 
the centre. 

(476.) That the luminous part of a comet is something 
in the nature of a smoke, fog, or cloud, suspended in a 
transparent atmosphere, is evident from a fact which has 
been often noticed, viz. — that the portion of the tail 
where it comes up to, and surrounds the head, is yet 
separated from it by an interval less luminous, as if sus- 
tained and kept off from contact by a transparent stratum, 
as we often see one layer of clouds laid over another 
with a considerable clear space between. These, and 
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most of the other facts observed in the histqiy of comets^ 
appear to indicate that the structure of a comet, as seen 
in section in the direction of its length, must be that of 
a hollow envelope, of a parabolic form, enclosing near ita 
vertex the nucleus and head, something as represented 
in the annexed figure. This would account for the ap- 



parent division of the tail into two principal ];ateral 
branches, the envelope being oblique to the line of sight 
at its borders, and therefore a greater depth of illumi- 
nated matter being there exposed to the eye. In all proba- 
bility, however, they sulmit great varieties of structure, 
and among them may very possibly be bodies of widely 
different physical constitution. 

(477.) We come now to speak of the motions of co- 
mets. These are apparently most irregular and capri- 
cious. Sometimes they remain in sight for only a few 
days, at others for many months ; some move with ex- 
treme slowness, others with extraordinary velocity ; 
while not unfrequently, the two extremes of apparent 
speed are exhibited by the same comet in different pants 
of its course. The comet of 1472 described an arc of 
the heavens of 120° in extent in a single day. Some 
pursue a direct, some a retrograde, and others a tortuous 
and very irregular course ; nor do they confine them- 
selves, like the planets, within any certain region of the 
heavens, but traverse indifferently every part. Their 
variations in apparent size, during the time diey continue 
visible, are no less remarkable than those of their velo- 
city ; sometimes they make their first appearance as faint 
,and slow moving objects, with litde or no tail ; but by 
degrees accelerate, enlarge, and throw out from them this 
appendage, which increases in length and brightness till 
(as always happens in such cases) they approach the 
sun, and are lost in his beams. After a time they again 
emerge, on the other side, receding from the sun with a 

2A ^^ 
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velocity at first rapid, but gradually decaying. It is afler 
thus passing the sun, and not till then, that they shine 
forth in all their splendour, and that their tails acquire 
their greatest length and developement ; thus indicating 
plainly the action of the sun's rays as the exciting cause 
of that extraordinary emanation. As they' continue to 
recede from the sun, their motion diminishes and the 
tail dies away, or is absorbed into the head, which itself 
grows continually feebler, and is at length altogether lost 
sight of, in by far the greater number of cases never to 
be seen more. 

(478.) Without the clue furnished by the theory of 
gravitation, the enigma of these seemingly irregular and 
capricious movements might have remained for ever un- 
resolved. But Newton, having demonstrated the pos- 
sibility of any conic section whatever being described 
about the sun, by a body revolving under the dominion 
of that law, immediately perceived the applicability of 
the general proposition to the case of cometary orbits, 
and the great comet of 1680, one of the most remark- 
able on record, both for the immense length of its tail 
and for the excessive closeness of its approach to the 
sun (within one sixth of the diameter of that luminary), 
afforded him an excellent opportunity for the trial of his 
theory. The success of the attempt was complete. He 
ascertained that this comet described about the sun as its 
focus an elliptic orbit of so great an eccentricity as to be 
undistinguishable from a parabola (which is the extreme, 
or limiting form of the ellipse when the axis becomes 
infinite), and that in this orbit the areas described about 
the sun were, as in the planetary ellipses, proportional 
to the times. The representation of the apparent mo- 
tions of this comet by such an orbit, throughout its whole 
observed course, was found to be as complete as those 
of the motions of the planets in their nearly circular 
paths. From that time it became a received truth, that 
the motions of comets are regulated by the same genenl 
laws as those of the planets — ^the difference of the cases 
consisting only in the extravagant elongation of their el- 
lipses, and in the absence of any limit to the inclinations 
of their planes to that of the ecliptic — or any general co- 
incidence in the direction of the motions from west to 
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east, rather than from east to west, like what is ohserved 
among the planets. 

(479.) It is a problem of pure geometry, from the 
general laws of elliptic or parabolic motion, to find the 
situation and dimensions of the ellipse or parabola which 
shall represeJIit the motion of any given comet. In ge- 
neral, three complete observations of its right ascension 
and declination, with the times at which they were 
made, suffice for the solution of this problem (which is, 
however, a very difficult one), and fft the determination, 
of the elements of the orbit. These consist, mutatis 
mutandis, of the same data as are required for the com- 
putation of the motion of a planet: and, once deter- 
mined, it becomes very easy to compare them with the 
whole observed course of the comet, by a process ex- 
actly similar to that of art. 426, and thus at oUce to as- 
certain their correctness, and to put to the severest trial 
the truth of those general laws on which all such calcu- 
lations are founded. 

(480.) For the most part, it is found that the motions 
of comets may be sufficiently well represented by para* 
bolic orbits, — that is to say, ellipses whose axes are of 
infinite length, or, at least, so very long that no appre- 
ciable error in the calculation of their motions, duhng all 
the time they continue visible, would be incurred by 
supposing them actually infinite. The parabola is that 
conic section which is the limit between the ellipse on 
the one hand, which returns into itself, and the hyper- 
bola on the other, which runs out to infinity. A comet, 
therefore, which should describe an elliptic path, how- 
ever long its axis, must have visited the sun before, and 
must again return (unleso disturbed^ in some determinate 
period, — ^but should its orbit be of the hyperbolic cha- 
racter, when once it has passed its perihelion, it could 
never more return within the sphere of our observation, 
but must run off to visit other systems, or be lost in the 
Immensity of space. A very few comets have been as- 
certained to move in hyperbolas, but many more in 
ellipses. These then, in so far as their orbits can remain 
unaltered by the attractions of the planets, must be re- 
garded as permanent members of our system. 

(4810 The most remarkable of these is the comet of 
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Halley, so called from the celebrated Edmund Halley, 
who, on calculating its elements from its perihelion pas- 
sage in 1 682, when it appeared in great splendour, with 
a tail 30° in length, was led to conclude its identity with 
the great comets of 1531 and 1607, whose elements he 
had also ascertained. The intervals of these successive 
apparitions being 75 and 76 years, Halley was encou- 
raged to predict its re-appearance about the year 1759. 
So remarkable a prediction could not fail to attract the 
attention of all astronomers, and, as the time approached, 
it became extremely interesting to know whether the at- 
tractions of the larger planets might not materially inter- 
fere with its orbitual motion. The computation of their 
influence from the Newtonian law of gravity, a most 
difficult and intricate piece of calculation, was undertaken 
and accomplished by Clairaut, who found that the action 
of Saturn would retard its return by 100 days, and that 
of Jupiter by no less than 518, making in all 618 days, 
by which the expected return would happen later than 
on the supposition of its retaining an unaltered period — 
and that, in short, the time of the expected perihelion 
passage would take place within a month, one way or 
other, of the middle of April, 1759. — ^It actually hap- 
pened on the 12th of March in that year. Its next re- 
turn to the perihelion has been calculated by Messrs. 
Damoiseau and Pontecoulant, and fixed by the former 
on the fourth, and by the latter on the seventh of Novem- 
ber, 1835, about a month or six weeks before which time 
it may be expected to become visible in our hemisphere ; 
and, as it will approach pretty near the earth, will very 
probably exhibit a brilliant appearance, though, to judge 
from the successive degradations of its apparent size and 
the length of its tail in its several returns since its first 
appearances on record (in 1305, 1456, &c.), we are not 
now to expect any of those vast and awful phenomena 
which threw our remote ancestors of the middle ages into 
agonies of superstitious terror, and caused public prayers 
to be put up in the churches against the comet ana its 
malignant agencies. 

(482.) More recently, two comets have been especially 
identified as having performed several revolutions about 
the sun, and as having been not only observed and re« 
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corded in preceding revolutions, without knowledge of 
this remarKable peculiarity, but have had already seve- 
ral times their returns predicted, and have scrupulously 
kept to their appointments. The first of these is the 
comet of Encke, so called from Professor Encke, of Ber- 
lin, who first ascertained its periodical return. It re- 
volves in an ellipse of great eccentricity, inclined at an 
angle of about 13° 22' to the plane of the ecliptic, and 
in the short period of 1207 days, or about 3s years. 
This remarkable discovery was made on the occasion of 
its fourth recorded appearance, in 1819. From the el- 
lipse then calculated by Encke, its return in 1822 was 
predicted by him, and observed at Paramatta, in New 
South Wales, by M . Rumker, being invisible in Europe : 
since which it has been re-predicted, and re-observed in 
all the principal observatories, both in the northern and 
southern hemispheres, in 1825, 1828, and 1832. Its 
next return will be in 1835. 

(483.) On comparing the intervals b*etween the suc- 
cessive perihelion passages of this comet, after allowing 
in the most careful and exact manner for all the disturb- 
ances due to the actions of the planets, a very singular 
fact has come to light, viz. that the periods are continu- 
ally diminishing, or, in other words, the mean distance 
from the sun, or the major axis of the ellipse, dwindling 
by slow but regular degrees. This is evidently the effect 
which would be produced by a resistance experienced 
by the comet from a very rare ethereal medium pervading 
the regions in which it moves ; for such resistance, by 
diminishing its actual velocity, would diminish also its 
centrifugal force, and thus give the sun more power over 
it to draw it nearer. Accordingly (no other mode of 
accounting for the phenomenon in question appearing), 
this is the solution proposed by Encke, and generally 
received; It will, therefore, probably fall ultimately into 
the sun, should it not first be dissipated altogether — a 
thing no way improbable, when the lightness of its ma- 
terisds is considered, and which seems authorized by the 
observed fact of its having been less and less conspicuous 
at each reappearance. 

(484.) The other comet of short period which has 
lately been discovered is that of BietOf so called from 

-«A2 
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M; Biela, of Josephstadt, who first arrived at this inte* 
resting conclusion. It is identical with comets which 
appeared in 1789, 1795, &c., and describes its mode- 
rately eccentric ellipse about the sun in 6| years ; and 
the last apparition having taken place according to the 
prediction in 1832, the next wUl be in 1838. It is a 
small insignificant comet, without a tail, or any appear- 
ance of a solid nucleus whatever. Its orbit, by a re- 
markable coincidence, very nearly intersects that of the 
earth ; and had the latter, at the time of its passage in 
1832, been a month in advance of its actual place, it 
would have passed through the comet — a singular ren- 
contre, perhaps not unattended with danger.* 

(485.) Comets in passing among and near the planets 
are materially drawn aside from their courses, and in 
some cases have their orbits entirely changed. This is 
remarkably the case with Jupiter, which seems by some 
strange fatality to be constantly in their way, and to 
serve as a perpetual stumbling block to them. In the 
case of the remarkable comet of 1770, which was found 
by Lexell to revolve in a moderate ellipse in the period 
of about 5 years, and whose return was predicted by him 
accordingly, the prediction was disappointed by the comet 
actually getting entangled among the satellites of Jupiter, 
and being completely thrown out of its orbit by the at- 
traction of that planet, and forced into a much larger el- 
lipse. By this extraordinary rencontre, the motions of 
the satellites suffered not the least perceptible derange- 
ment — a sufficient proof of the smallness of the comet's 
mass. 

(486.) It remains to say a few words on the actual di- 

* Should calculation establish the ftict of a resifitance eiperienced alio 
by this comet, the subject of periodical comets will assume an ettnot- 
dmary degree of interest It cannot be doubted that many mere will 
be discovered, and by their resistance questions will come to b« decided, 
such as the following : — What is the law of density of the resisting medium 
which surrounds the sun ? Is it at rest or in motion ? If the latter, in 
what direction does it move ? Circulariy round the sun, or traTennng 
space ? If circularly, in wliat plane ? It is obvious that a circakr or 
vorticose motion of the ether would accelerate tome comeU and retard 
others according as their revolution was, relative to such motion, direct 
or retrograde. Supposing the neighbourhood of the sun to be filled widi 
a material fluid, it is not oonceivaole that the circulation of the phmett 
in it for ages should not have impressed upon it some degree c£ rotation 
in their own direction. And this may |»eserve them fittti the eztniM 
efiects of accumulated resistance. — AuAor. 
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mensions of comets. Tbe calcolatioii of llie diameters 

of their heads, and the lengths and breadths of their 
tails, offers not the slightest difficnlty when once the 
elements of their orbits are known, for bj these we know 
their real distances from the earth at any tune, and the 
true direction of the tail, which we see only foreshort- 
ened. Now calculations instituted on these principles 
lead to the surprising fact, that the comets are by far the 
most voluminous bodies in our system. The following 
are the dimensions of some of those which have been 
made the subjects of such inquiry. 

(487.) The tail of the great comet of 1680, imme- 
diately after its perihelion passage, was found by New- 
ton to have been no less &an 20000000 of leagues in 
length, and to have occupied only two days in its emis- 
sion from the comet's body ! a decisive proof this of its 
being darted forth by some active force, the origin of 
which, to judge from the direction of the tail, must be 
sought in the sun itself. Its greatest length amounted 
to 41000000 leagues, a length much exceeding the 
whole interval between the sun and earth. The tail of 
the comet of 1769 extended 16000000 leagues, and tliat 
of the great comet of 1811, 36000000. The portion of 
the head of this last comprised within the transparent 
atmospheric envelope which separated it from the tail 
was 180000 leagues in diameter. It is hardly conceiv- 
able that matter once projected to such enormous dis- 
tances should ever be cx)llected again by the feeble at- 
traction of such a body as a comet — a consideration 
which accounts for the rapid progressive diminution of 
the tails of such as have been frequently observed. 

(488.) A singular circumstance has been remarked 
respecting the change of dimensions of the comet of 
Encke in its progress to and retreat frorii the sun : viz. 
that the real diameter of the visible nebulosity under- 
goes a rapid contraction as it approaches, and an equally 
rapid dilatation as it recedes from the siin. M. Valz, 
who, among others, had noticed this fact, has accounted 
for it by supposing a real compression or condensation 
of volume, owing to the pressure of an ethereal medium 
growing more dense in the sun's neighbourhood. It is 
very possible, however^ that the change may consist in 
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no real expansion or condensation of volume (further 
than is due to the convergence or divergence of the dif- 
ferent parabolas described by each of its molecules to or 
from a common vertex), but may rather indicate tlie al- 
ternate conversion of evaporable materials in the upper 
regions of a transparent atmosphere, into the states of 
visible cloud and invisible gas, by the mere effects of 
heat and cold. But it is time to quit a subject so myste- 
rious, and open to such endless speculation. 



CHAPTER XI. 

OF PERTURBATIONS. 

Subject propounded — Stiperpoeition of 8mall AfoUons — ^Problenigof thrre 
Bodies — Estimation of disturbing Forces — Motion o€ Nodes — Changes 
of Inclination — Compensation operated in a whole Revolutkni of Uie 
Node — Lagrange's Theorem of the Sralnlity of the Inclination»— 
Change of Obliquity of the Ecliptic — Precessi<m of the Equinoxes' 
Nutation — Theorem respecting forced Vibrations— Of the 'tidea — Va- 
riation of Elements of the Planet's Orbits — Periodic and aeenlar^ 
Disturbing Forces considered as tangential and radial — Efiects of tan- 
gential Force — 1st, in circular Orbits; 2dly, in elliptic — CompensatioDB 
efiected — Case of near Comraensurability of mean Motions— The great 
Inequality of Jupiter and Saturn explained — ^The long Inequality of 
Venus and the Earth — Lunar Variation — ESecta of die radial Force- 
Mean Efiect on the Period and Dimensions of the disturbed Orbit- 
Variable Part of its Effect — Lunar Evection — Secular Acceleralioo 
of the Moon's Motion — In variability of the Axes and Periods — Theary 
of the secular Variations of the Eccentricities and Peribelia— Motioo 
of the lunar Apsides — Lagrange's Theorem of the SUibility of the 
Eccentricities — Nutation of the lunar Orbit— Pertorbatioiia of Jupi- 
ter's Satellites. 

(489.) In the progress of this work, we have more 
than once called the reader's attention to the existence 
of inequalities in the lunar and planetary motions not 
included in the expression of Kepler's laws, but in some 
sort supplementary to them, and of an order so far sub- 
ordinate to those leading features of the celestial move- 
ments, as to require, for their detection, nicer observa- 
tions, and longer continued comparison between facts 
and theories, than suffice for the establishment and veri- 
fication of the elliptic theory. These inequalities are 
known, in physical astronomy, by the name of pertur 
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bations. They arise, in the case of the primary planets^ 
from the mutual gravitations of these planets towards 
each other, which derange their elliptic motions round 
the sun ; and in that of the secondaries, partly from 
the mutual gravitation of the* secondaries of the same 
system similarly deranging their elliptic motions round 
their common primary, and partly from the unequal 
attraction of the sun on them and on their primary. 
These perturbations, although small, and, in most in- 
stances, insensible in short intervals of time, yet, when 
accumulated, as some of them may become, in the lapse 
of ages, alter very greatly the original elliptic relations, 
so as to render the same elements of the planetary 
orbits, which at one epoch represented perfectly well 
their movements, inadequate and unsatisfactory after 
long intervals of time. 

(490.) When Newton first reasoned his way from 
the broad features of the celestial motions, up to the 
law of universal gravitation, as afiecting all matter, and 
rendering every particle in the universe subject to the 
influence of every other, he was not unaware of the 
modifications which this generalization would induce 
into the results of a more partial and limited application 
of the same law to the revolutions of the planets about 
the sun, and the satellites about their primaries, as their 
only centres of attraction. So far from it, that his ex- 
traordinary sagacity enabled him to perceive very dis- 
tinctly how several of the most important of the lunar 
inequalities take their origin, in this more general way 
of conceiving the agency of tire attractive power, espe- 
cially the retrogradie motion of the nod^s, and the direct 
revolution of the apsides of her orbit. AAd if he did 
not extend his investigations to the mutual perturbations 
of the planets, it was not for want of perceivirig that such 
perturbations must exist, and might go the length of 
producing great derangements from the actual state of 
the system, but owing to the then undeveloped state of 
the practical part of astronomy, which had not yet at- 
tained the precision requisite to make such an attempt 
inviting, or indeed feasible. What Newton left undone, 
however, his successors have accomplished; and, at 
this day, there is not a single perturbation, great or smalU 
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which observation has ever detected, which has not 
been traced up to its origin in the mutual gravitation of 
the parts of our system, and been minutely accounted 
for, in its numerical amount and value, by strict calcula- 
tion on Newton's principles. 

(491.) Calculations of this nature require a very high 
analysis for their successful performance, such as is rar 
beyond the scope and object of this work to attempt ex- 
hibiting. The reader who would master them most 
prepare himself for the undertaking by an extensive 
course of preparatory study, and must ascend by steps 
which we must not here even digress to point out. It will 
be our object, in this chapter, however, to give some 
general insight into the nature and manner of operation 
of the acting forces, and to point out what are the cir- 
cumstances which, in some cases, give them a high de- 
gree of efficiency — a sort of purchase on the balance of 
Uie system ; while, in others, with no less amount of 
intensity, their effective agency in producing extensive 
and lasting changes is compensated or rendered abortive ; 
as well as to explain the nature of those admirable re- 
sults respecting the stability of our system, to which the 
researches of geometers have conducted them; and 
which, under the form of mathematical theorems of great 
beauty, simplicity, and elegance, involve the history of 
the past and future state of the planetary orbits during 
ages, of which, contemplating the subject in this point 
of view, we neither perceive the beginning nor the 
end. 

(492.) Were there no other bodies in the universe but 
the sun and one planet, the latter would describe an 
exact ellipse about the former (or both round their com- 
mon centres of gravity), and continue to perform its revo- 
lutions in one and the same orbit for ever; but the 
moment we add to our combination a third body, the at- 
traction of this will draw both the former bodies out of 
their mutual orbits, and, by acting on them unequally, 
will disturb their relation to each other, and put an end 
to the rigorous and mathematical exactness of their ellip- 
tic motions, either about one another or about a fixed point 
in space. From this way of propounding the subjecti 
we see that it is not the whole attraction of the newly in- 
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trodoced body which- prodnces pertiiTbation, but the dif' 
Jtrtntt of its attractions on the two originally present. 

(493.) Compared to the sun, all the planets are of ex- 
treme minuteness ; the mass of Jupiter, the greatest of 
ihem all, being not more than one IdOOth part that of the 
•uh. Their attractions on each other, therefore, are all 
very feeble, compared with the presiding central power, 
and the effects of their disturbing forces are proportionally 
minute. In the case of the secondaries, the chief agent 
by which their motions are deranged is the sun itself, 
"vhose mass is indeed enreat, but whose disturbing: influ- 
Dce is immensely diminished by their near proximity to 
uieir primaries, compared to their distances from the sun, 
which renders the difference of attractions on both ex- 
tremely small, compared to the whole amount. In this 
case, the greatest part of the sun's attraction, viz. that 
which is common to both, is exerted to retain both pri- 
mary and secondary in their common orbit about itself, 
and prevent their parting company. The small overplus 
of force only acts as a disturbing power. The mean 
value of this overplus, in the case of the moon disturbed 
by the sun, is calculated by Newton to amount to no 
higher a fraction than y 3 jVittf ^^ gravity at the earth's 
surface, or y|^ of the principal force which retains the 
moon in its orbit. 

(494.) From this extreme minuteness of the intensities 
of the disturbing, compared to the principal forces, and 
the consequent smallness of their momentary effects, it 
happens that we can estimate each of these effects sepa- 
rately, as if the others did not take place, without fear 
of inducing error in our conclusions beyond the limits 
necessarily incident to a first approximation. It is a 
principle in mechanics, immediately flowing from the 
primary relations between forces and the motions they 
produce, that when a number of very minute forces act 
at once on a system, their joint effect is the sum or ag- 
gregate of their separate effects, at least within such' limits, 
that the original relation of the parts of the system" shall 
not have been materially changed by their action. Such 
effects supervening on the greater movements due to the 
action of the primary forces may be compared to the 
small ripplings caused by a thousand varying breezes on 
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case, the greatest part of the sun's attraction, viz. that 
which is common to both, is exerted to retain both pri- 
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have only a relative meaning as referring to a supposed 
fixity of S, and transfer of the whole effective power to P. 

The former of these forces, 
acting always in the plane of 
P's motion, cannot tend to 
urge it out of that plane : the 
latter only is so effective, and 
that not wholly ; another reso- 
lution of forces being needed 
to estimate its effective part. 
But with this we shall not 
concern ourselves, the object here proposed being only 
to explain the manner in which the motion of the nodes 
arises, and not to estimate its amount. 

(499.) In the situation, or configuration^ as it is termed, 
represented in the figure, the force, in the direction PK, 
is a pulling force ; and as PK, being parallel to SM, lies 
bdow the plane of P's orbit (taking that of M's orbit for 
a ground plane), it is clear that the disturbed arc P^, de- 
scribed in the next moment by P, must lie below Pp. 
When prolonged, therefore, to intersect the plane of M's 
orbit, it will meet it in a point r, behind R, and the line 
Sr, which will be the line of intersection of the plane 
SP^ (now, for an instant, that of P's disturbed motion), 
or its new line of nodes, will fall behind SR, the undis- 
turbed line of nodes ; that is to say, the line of nodes 
will have retrograded by the angle RSr, the motions of 
P and M being regarded as direct. 

(500.) Suppose, now, M to lie to the left instead of the 
right of the line of nodes, P retaining its situation, then 
will the disturbing force, in the direction PK, tend torotfe 
P out of its orbit, to throw Vq above Fp, and r in advance 
of R. In this configuration, then, the node will advance j 
but so soon as P passes the node, and comes to the lower 
side of M's orbit, although the same disposition of the 
forces will subsist, and Fq will, in consequence, continue 
to lie above Pp, yet, in this case, the little arc P^ will 
have to be prolonged backwards to meet our ground 
pltme, and, when so prolonged, will lie below the similar 
prolongation of P/?, so that, in this case again, the node 
will retrograde. 
(501.) Thus we see that the effect of the disturbing 
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force, in the different states of configuration wBich the 
bodies P and M may assume ^viih respect to the node, is 
to keep the line of nodes in a continual state of fluctua- 
tion to and fro ; and it will depend on the excess of cases 
favourable to its advance over those which favour its re- 
cess, in an average of all the possible configurations, 
whether, on the whole, an advance or recess of the node 
shall take place. 

(502.) If the orbit of M be very large compared with 
that of P, so large that MP may, without material error, 
be regarded as parallel to MS, which is the case with the 
moon's orbit disturbed by the sun, it will be very readily 
seen, on an examination of all the possible varieties of 
configuration, and having due regard to the direction of 
the disturbing force, that during every single complete 
revolution of P, the cases favourable to a retrograde mo^ 
tion of the node preponderate over those of a contrary 
tendency, the retrogradation taking place over a larger 
extent of the whole orbit, and being at the same time 
more rapid, owing to a more intense and favourable action 
of the force than the recess. Hence it follows that, on 
the whole, during every revolution of the moon about the 
earth, the nodes of her orbit recede on the ecliptic, con- 
formable to experience, with a velocity varying from lu- 
nation to lunation. The amount of this retrogradation, 
when calculated, as it may be, by an exact estimation of 
all the acting forces, is found to coincide with perfect 
precision with that immediately derived from observation, 
so that not a doubt can subsist as to this being the real 
process by which so remarkable an efiect is produced. 

(503.) Theoretically speaking, we cannot estimate 
correctly the recess of the intersection of the moon'9 
orbit with the ecliptic, from a mere consideration of the 
disturbance of one of these planes. It is a compound 
phenomenon ; both planes are in motion with respect to 
an imaginary fixed ecliptic, and, to obtain the compound 
effect, we must also regard the earth as disturbed in its 
relative orbit about the sun by the moon. But, on ac-. 
count of the excessive distance of the sun, the intensity 
of the moon's attraction on it is quite evanescent, com- 
pared with its attraction on the earth : so that the per- 
Uirbative efifect in this case, which is the difference of 
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tiie moon's attraction on the sun and earth, it eqnal to 
tl^e whole attraction of the moon on the eartih. The ef- 
fect of this is to produce a monthly displacement of the 
centre on either side of the ecliptic, whose amount is 
easily calculated by regarding their common centre of 
gravity as lying strictly in the ecliptic. From this it ap- 
pears, that the displacement in question cannot exceed a 
small fraction of die earth's radius in its whole amount ; 
and, therefore, that its momentary variation, on which the 
motion of the node c^ the ecliptic on the moon's orbit 
depends, must be utterly insensible. 

(504.) It is otherwise with the mutual action of the 
planets. In this case, both the orbits of the disturbed 
and disturbing planet must be regarded as in motion. 
Precisely on the above-stated principles it may be shown, 
that the effect of each planet's attraction on the orbit of 
every other, is to cause a retrogradation of the node of 
the one orbit on the other in certain configurations, and a 
recess in others, terminating, like that df the moon, on 
the average of many revolutions in a regular retrograda- 
tion of the node of each orbit on every other. But since 
this is the case with every pair into which the planets can 
be combined, the motion ultimately axising from their 
joint action on any one orbit, taking into the account the 
different situations of all their planes, beeomes a singu- 
lar and complicated phenomenon, whose law cannot be 
very easily expressed in words, though reduciUe to strict 
numerical statement, and being in fact a mere geometri* 
cal result of what is above stated. 

(505.) The nodes of all the planetary oibits on the/rve 
ecliptic then are retrograde, although (which is a most 
material circumstance) they are not all so on a fixed 
plane, such as we may ocmceive to exist in the planetary 
system, and to be a plane of reference uaaflecied by their 
mutuS disturbances. It is, however, to the ediplic, that 
we are under the necessity of referring their movements 
from our station in the system ; and if we would transfer 
•our ideas to a fixed plane, it becomes necessary to take 
account of the variation of the ecliptic itself, produced 
by the joint action of all the planets. 

(506.) Owing to the smallness of the masses of the 
planets, and their great distances from each others the 
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volutions of their nodes are excessively slow, being in 
every case less than a single degree per century, and in 
most cases not amounting to half that quantity. So far 
as the physical condition of each planet is concerned, it 
is evident that the position of their nodes can be of litde 
importance. It is otherwise with the mutual inclinations 
of their orbits, with respect to each other, and to the 
equator of each. A variation ia the position of the eclip- 
tic, for instance, by which its pole should shift its dis- 
tance from the pole of the equator, would disturb our sea- 
sons. Should the plane of the earth's orbit, for instance, 
ever be so changed as to bring the ecliptic to coincide 
virith the equator, we should have perpetual spring over 
all the world ; and, on the other hand, should it coincide 
Virith a meridian, the extremes of summer and winter 
virould become intolerable. The inquiry, then, of the 
variations of inclination of the planetary orbits inter se^ 
is one of much higher practical interest than those of 
their nodes. 

(507.) Referring to the figure of art. 498, it is evident 
that the plane SPg, in which the disturbed body moves 
during an instant of time from its quitting P, is differently 
inclined to the orbit of M, or to a fixed plane, from the 
original or undisturbed plane PSp. The difference of 
absolute position of these two planes in space is the an- 
gle made between the planes PSR and PSr, and is there- 
fore calculable by spherical trigonometry, when the angle 
RSr or the momentary recess of the node is known, and 
also the inclination of the planes of the orbits to each 
other. We perceive, then, that between the momentary 
change of inclination and the momentary recess of the 
node there exists an intimate relation, and that the re- 
search of the one is in fact bound up in that of the other. 
This may be, perhaps, made clearer, by considering the 
orbit of M to be not merely an imaginary line, but an 
actual circular or elliptic hoop of some rigid material, 
without inertia, on which, as on a wire, the body P may 
slide as a bead. It is evident that the position of this 
hoop will be determined at any.instant, by its inclination 
to the ground plane to which it is referred, and by the 
place of its intersection therewith, or node. It will also 
be determined by the momentary direction of P's motion, 
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whidi (baying no inertia) it must obey r sod any change 
by wbioh P should, in the next instant, alter its oibit, 
would be equivalent to a shifting, bodily, of the whole 
hoop, changing at once its inclination and nodes. 

(508.) One immediate conclusion from what has been 
pointed out above, is that where the orbits, as in the case 
of the planetary system and the moon, are slightly in- 
clined to one another, the momentary variations of the 
inclination are of an order much inferior in magnitude to 
those in the place of the node» This is evident on a 
mere inspection of our figure, the angle RPr, being by 
reason of the small inclination of the planes SPR and 
RSr, necessarily much smaller than the angle RSr. In 
proportion as the planes of the orbits are brought to coin- 
cidence, a very trifling angular movement of Pp about PS 
as an axis will make a great variation in the situation of the 
point r, where its prolongation intersects the ground plane. 

(509.) To pass from the momentary ehanges which 
take place in the relations of nature to the accumulated 
effects produced in considerable lapses of time by the 
continued action of the same causes, under cireomstancet 
varied by these very effects, is the business of the integral 
calculus. Without going into any calculations, however, 
it will be easy for us to trace, by a few cases, the varying 
influence of differences of position of the disturbing and 
disturbed body with respect to each other and to the node, 
and from these to demonstrate the two leading features 
in this theory — the periodic nature of the change and 
re-establishment of the original inclinations, and the 
small limits within which these changes are confined. 

H 




(510.) Case 1.— When the disturbing body M is sini' 
ated in a direction perpendicular to the line uf nodes, oi 
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the noded are in quadrature with it : M being the dis- 
turbing body, and SN the line of nodes, the distaibing 
force will act at P, in the direction PK ; being a pulling 
force when P is in any part of the semicircle HAN, and 
a pushing force in the whole of the opposite semicircle. 
And it is easily seen that this force is greatest at A and 
B, and evanescent at H and N. Hence, in the whole 
semicircle HA, Fq will lie below Fp^ and being pro- 
duced backwards in the quadrant HA, and forwards in 
AN, will meet the circle S6Na in the plane of M's 
orbit, in points behind the nodes SN, the nodes being 
retrograde in both cases. But the new inclination of 
the disturbed orbit is, in the former case, Pj^A, which 
is less than PHa; and in the latter, Fya^ which is 
greater than PNa. In the other semicircle the direction 
of the disturbing force is chari^ed ; but that of the motion, 
with respect to the plane of M's orbit, being also in 
each quadrant reversed, the same variations of node and 
inclination will be caused. In this situation of M, then, 
the nodes recede during every part of the revolution of 
P, but the inclination diminishes throughout the quadrant 
SA, increases again by the same identical degrees in the 
quadrant AN, decreases throughout the quadrant N6, 
and is finally restored to its pristine value at S. On the 
average of a revolution of P, supposing M unmoved, the 
nodes will have retrograded with their utmost speed, but 
the inclination will remain unaltered. 




(511.) Case 2.— Suppose the disturbing body now to 
be fixed in the line of nodes, or the nodes to be in 
syzygy, as in the annexed figure. In this situation the 
direction of the disturbing force, which is always parallel 
to SM» lies constantly in Sie plane of P's oibit, and th«re« 
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fore procluces neither variation of inclination or motion 
of nodes. 

(512.) Case 8. — Let us take now an intermediate 
situation of M, and indicating by the arrows the directions 
of the disturbing forces (which are pulling ones through- 
out all the semi-orbit which lies towards M, and pushing 
in the opposite), it will readily appear that the reasoning 
of art. 510, will hold good in all that part of the orbit 
which lies between T and N, and between V and H, 
but that the effect will be reversed by the reversal of the 
direction of the motion with respect to the plane of M's 
orbit, in the intervals HT and NV. In these portions, 
however, the disturbing force is feebler than in the others, 
being evanescent in the line of quadratures TV, and in- 

T 




creasing to its maximum in the syzygies a b. The nodes 
then will recede rapidly in the former intervals, and ad- 
vance feebly in the latter ; but since, as H approaches to 
a, the disturbing force, by acting obliquely to the plane 
of P's orbit, is again diminished in efficacy, still, on the 
average of a whole revolution, the nodes recede. On 
the other hand, the inclination will now diminish during 
the motion of P from T to c, a point 90° distant from 
the node, while it increases not only during its whole 
motion over the quadrant cN, but also in the rest of its 
half revolution NV, and so for the other half. There 
will, therefore, be an uncompensated increase of inclina- 
tion in this position of M, on the average of a whole 
revolution. 

(513.) But this increase is converted into diminution 
when the line of nodes stands on the other side of SM, 
or in the quadrants V6, Ta ; and still regarding M as 
fixed, and supposing that the change of circumstances 
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arises not from the motion of M but from that of the 
node, it is evident that so soon as the line of nodes in 
its retrograde motion has got past a, the circumstances 
will be all exactly reversed, and the inclination will again 
be augmented in each revolution by the very same steps 
taken in reverse order by which it before diminished. 
On the average, therefore, of a whole revolution of 
THE NODE, the inclination will be restored to its original 
state. In fact, so far as the mean or average effect on 
the inclination is concerned, instead of supposing M 
fixed in one position, we might conceive it at every in- 
stant divided into four equal parts, and placed at equal 
angles on either side of the line of nodes, in which case 
it is evident that the effect of two of the parts would be 
to precisely annihilate that of the others in each revo- 
lution of P. 

(514.) In what is said, we have supposed M at rest; 
but the same conclusion, as to the mean and final results, 
holds good if it be supposed in motion ; for in the 
course of a revolution of the nodes, which, owing to the 
extreme smallness of their motion, in the case of tlie 
planets, is of immense length, amounting, in most cases, 
to several hundred centuries, and in that of the moon 
is not less than 237 lunations, the disturbing body M 
is presented by its ovm motiony over and over again, in 
every variety of situation to the line of nodes. Before 
the node can have materially changed its position, M has 
performed a complete revolution, and is restored to its 
place ; so that, in fact (that small difference excepted 
which arises from • the recess of the node in one syno- 
dical revolution of M), we may regard it as occupying at 
every instant every point of its orbit, or rather as having 
its mass distributed uniformly like a solid ring over its 
whole circumference. Thus the compensation which 
we have shown would take place in a whole revolution 
of the node, does, in fact, take place in every synodic 
period of M, that minute difference only excepted which 
is due to the cause just mentioned. This difference, 
then, and not the whole disturbing effect of M, is what 
produces the effective variation of the inclinations, whe- 
ther of the lunar or planetary orbits ; and this difference, 
which remains uneoBipeiisated by ibe motion of M» is in 
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its tarn compensated by the motion of the node during 
its whole revolution. 

(515.) It is clear, therefore, that the total variation of 
the planetary inclinations must be comprised within very 
narrow limits indeed. Geometers have accordingly de- 
monstrated, by an accurate analysis of all the circum- 
stances, and an exact estimation of the acting forces, 
that such is the case ; and this is what is meant by as- 
serting the stability of the planetary system as to the 
mutual inclinations of its orbits. By the researches of 
Lagrange (of whose analytical conduct it id impossible 
here to give any idea), the following elegant theorem has 
been demonstrated : — 

** If the mass of every planet be multiplied by the 
square root of the major axis of its orbit, and the pro- 
duct by the square of the tangent of its inclination to a 
fixed plane, the sum of all these products unll be con' 
stantly the same under the influence of their mutual at- 
traction.^* If the present situation of the plane of the 
ecliptic be taken for that fixed plane (the ecliptic itself 
being variable like the other orbits), it is found that this 
sum is actually very small ; it must, therefore, always 
remain so. This remarkable theorem alone, then, would 
guarantee the stability of the orbits of the greater planets ; 
but from what has above been shown, of the tendency of 
each planet to work out a compensation on every other, 
it is evident that the minor ones are not excluded from 
this beneficial arrangement. 

(516.) Meanwhile, there is no doubt that the plane 
of the ecliptic does actually vary by the actions of the 
planets. The amount of this variation is about 48" per 
century, and has long been recognised by astronomers, 
by an increase of the latitudes of all the stars in certain 
situations, and their diminution in the opposite regions. 
Its efiect is to bring the ecliptic by so much per annam 
nearer to coincidence with the equator ; but from what 
we have above seen, this diminution of the obliquity of 
the ecliptic will not go on beyond certain very moderate 
limits, after which (although in an immense period of 
ages, being a compound cycle resulting from the joint 
action of all the planets) it will again increase, and thu« 
oscillate backward and forward about a mean poaitioiit 
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the extent of its deviation to one side and the other being 
less than V2V. 

(517.) One effect of this variation of Uie plane of the 
ecliptic, that which causes its nodes on a fixed plane 
to change — is mixed up with the precession of the 
equinoxes (art. 261), and undistinguishable from it, ex- 
cept in theory. This last-mentioned phenomenon is, 
however, due to another cause, analogous, it is true, in a 
general point of view to those above considered, but 
singularly modified by the circumstances under which it 
is produced. We shall endeavour to render these modi- 
fications intelligible, as far as they can be made so, with- 
out the intervention of analytical formulee. 

(518.) The precession of the equinoxes, as we have 
shown in art. 266, consists in a continual retrograda^ 
tion of the node of the earth's equator on the ecliptic, 
and is, therefore, obviously an effect so far analogcnis to 
the general phenomenon of the retrogradation of the 
nodes of the orbits on each other. The immense dis- 
tance of the planets, however, compared with the size 
of the earth, and the smallness of their masses com- 
pared to that of the sun, puts their action out of the 
question in the inquiry of its cause, and we roust, 
therefore, look to the massive though distant sun, and 
to our near though minute neighbour, the moon, for its 
explanation. This will, accordingly, be found in their 
disturbing action on the redundant matter accumulated 
on the equator of the earth, by which its figure is ren- 
dered spheroidal, combined with the earth's rotation on 
its axis. It is to the sagacity of Newton that we owe 
the discovery of this singular mode of action. 

(519.) Suppose in our figures (arts. 509, 510, 511), 
that instead of one body, P, revolving round S, there 
were a succession of particles not coherent, but forming 
a kind of fluid ring, free to change its form by any force 
applied. Then, while this ring revolved round S in its 
own plane, under the disturbing influence of the distant 
body M (which now represents the moon or the sun, 
as P does one of the particles of the earth's equator), 
two things would happen: — 1st, Its figure would be 
bent out of a plane into an undulated form, those parts 
of it within the arcs Yc and Td (Jig. art. 511) being 
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rendered more inclined to the plane of M*8 orbit, and 
those within the arcs cT, rfV, less so that they would 
otherwise he. 2dly, the nodes of this ring, regarded as 
a whole, without respect to its change of figure, would 
retreat upon that plane. 

(520.) But suppose this ring, instead of consisting 
of discrete molecules free to move independently, to be 
rigid and incapable of such flexure, like the hoop we 
have supposed in art. 507, then it is evident that the 
eflbrt of those parts of it which tend to become more 
inclined will act through the medium of the ring itself 
(as a mechanical engine or lever) to counteract the 
effort of those which have at the same instant a contrary 
tendency. In so far only, then, as there exists an excess 
on the one or the other side will the inclination change, 
an average being struck at every moment of the ring's 
motion ; just as was shown to happen in the view we 
have taken of the inclinations, in every complete revolu- 
tion of a single disturbed body, under the influence of a 
fixed disturbing one. 

(521.) Meanwhile, however, the nodes of the rigid 
ring will retrograde, the general or average tendency of 
the nodes of every molecule being to do so. Here, as 
in the other case, a struggle will take place by the coun- 
teracting efforts of the molecules contrarily disposed, 
propagated through the solid substance of the ring ; and 
thus, at every instant of time, an average will be struck* 
which average being identical in its nature with that ef- 
fected in the complete revolution of a single distuibed 
body, will, in every case, be in favour of a recess of the 
node, save only when the disturbing body, be it son or 
moon, is situated in the plane of the earth's equator, or 
in the case of the Jig. art. 510. 

(522.) This reasoning is evidently independent of any 
consideration of the cause which maintains the rotation 
of the ring ; whether the particles be small satellites re- 
tained in circular orbits under the equilibrated action of 
attractive and centrifugal forces, or whether they be small 
masses conceived as attached to a set of imaginary spokes 
as of a wheel, centering in S, and free only to shi(\ theii 
planes by a motion of those spokes perpendicular to the 
plane of the wheel. This makes no difference in the 



CHAP. XI. J PRECE8SI0M OF TBB EQITINOXKS. 311 

general effect ; though the different velocities of rotation, 
which may be impressed on such a system, may and 
will have a very great influence both on the absolute and 
relative magnitudes of the two effects in question — the 
motion of the nodes and change of inclination. This 
will be easily understood, if we suppose the ring without 
a rotatory motion, in which extreme case it is obvious, 
that so long as M remained fixed there would take place 
no recess of nodes at all, but only a tendency of the ring 
to tilt its plane round a diameter perpendicular to the 
position of M, bringing it towards the line SM. 

(523.) The motion of such a ring, then, as we have 
been considering, would imitate, so far as the recess of 
the nodes goes, the precession of the equinoxes, only that 
its nodes would retrograde far more rapidly than the ob- 
served precession, which is excessively slow. But now 
conceive this ring to be loaded with a spherical mass 
enormously heavier than itself, placed concentrically 
within it, and cohering firmly to it, but indifferent, or very 
nearly so, to any such cause of motion ; and suppose, 
moreover, that instead of one such ring, there are a vast 
multitude heaped together around the equator of such a 
globe, so as to form an elliptical protuberance, enveloping 
it like a shell on all sides, but whose mass, taken together, 
should form but a very minute fraction of the whole 
spheroid. We have now before us a tolerable repre- 
sentation of case of nature ;* and it is evident that the 
rings, having to drag round with them in their nodal re- 
volution this great inert mass, will have their velocity of 
retrogradation proportionally diminished. Thus, then, it 
is easy to conceive how a motion, similar to the preces- 

* That a perfect sphere would be so inert and indifierent as to a revo- 
lution of the nodes of its equator under the influence of a distant attract. 
iag body appears from this — that the direction of the resultant attraction 
ofsuch a body, or of that single force which, opposed, would neutralize 
and deotroy its whole action, is necessarily in a line passing through the 
centre of the sphere, and, therefore, can have no tendency to turn the 
sphere one way or other. It may be objecied l^ the reader, that the 
whole sphere may be conceived as consisting of rings parallel to its 
equator, of every possible diameter, and that, therefore, its nodes should 
retrograde even without a protulterant equator. The inference is in- 
correct, but our limits will not allow us to go into an exposition of the 
fallacy. We should, however, caution him, generally, that no dynamical 
subject is open to more mistakes of this lund, which nothing but the 
ckMiiBst attention, in every varied point of view, will detect. 

2C 
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sion of the equinoxes, and, like it, characterized by ex- 
treme slowness, will arise from the causes in action. 

(524.) Now a recess of the node of the earth's equa- 
tor, upon a given plane, corresponds' to a conical motion 
of its axis round a perpendicular to that plane. But in the 
case before us, that plane is not the ecliptic, but the moon's 
orbit for the time being ; and it may be asked how we 
are to reconcile this with what is stated in art. 266, re- 
specting the nature of the motion in question. To this 
we reply, that the nodes of the lunar orbit, being in a state 
of continual and rapid retrogradation, while its inclination 
is preserved nearly invariable, the point in the sphere of 
the heavens round which the pole of the earth's axis re- 
volves (with that extreme slowness characteristic of the 
precession) is itself in a state of continual circulation 
round the pole of the ecliptic, with that much more rapid 

motion which belongs to the lunar 
node. A glance at the annexed 
figure will explain this better than 
words. P is the pole of the eclip- 
tic, A the pole of the moon's orbit, 
moving round the small circle 
ABCD in 19 years ; a the pole of 
the earth's equator, which at each 
moment of its progress has a dim- 
Hon perpendicular to the varying 
position of the line Aa, and a re/o- 
city depending on the varying in- 
tensity of the acting causes during 
the period of the nodes. This ve- 
locity, however, being extremely small, when A comes 
to B, G, D, E, the line Aa will have taken up the positions 
B6, Cc, D^, Ee, and the earth's pole a will thus, in one 
tropical revolution of the node, have arrived at e, having 
(described not an exactly circular arc, but a single undu- 
lation of a wave-shaped or epicycloidal curve, ah tdt^ 
with a velocity alternately greater and less than its mean 
motion, and this will be repeated in every succeeding 
revolution of the node. 

(525.) Now this is precisely the kind of motion which» 
as we have seen in art. 272, the pole of the earth's equa- 
tor really has round the pole of the ecliptic, in conse 
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quence of the joint effects of precession and nnt^on, 
which are thus uranographically represented. K we 
superadd to the effect of lunar precession that of the so- 
lar, which alone would cause the pole to describe a circle 
uniformly about P, this will only affect the undulations 
of our waved curve, by extending them in length, but 
will produce no effect on the depth of th^ waves, or the 
excursions of tlie earth's axis to and from the pole of the 
ecliptic. Thus we see that the two phenomena of nu- 
tation and precession are intimately connected, or rather, 
both of them essential constituent parts of one and the 
same phenomenon. It is hardly necessary to state that 
a rigorous analysis of this great problem, by an exact es- 
timation of all the acting forces and summation of their 
dynamical effects,* leads to the precise value of the co- 
efficients of precession and nutation, which observation 
assigns to them. The solar and lunar portions of the 
precession of the equinoxes, that is to say, those portions 
which are uniform, are to each other in the proportion 
of about 2 to 5. 

(526.) In the nutation of the earth's axis we have an 
example (the first of its kind which has occurred to us) 
of a periodical movement in one part of the system, 
giving rise to a motion having the same precise period 
in another. The motion of the moon's nodes is here, 
we see, represented, though under a very different form, 
yet in the same exact periodic time, by the movement 
of a peculiar oscillatory kind impressed on the solid 
mass of the earth. We must not let the opportunity pass 
of generalizing the principle involved in this result, as it 
is one which we shsdl find again and again exemplified in 
every part of physical astronomy, nay, in every depart- 
ment of natural science. It may be stated as ** the prin- 
ciple of forced oscillations, or ofoforced vibrations," and 
thus generally announced : — 

If one part of any system connected either by mate' 
rial ties J or by the mutual attractions of its members^ 
be continually maintained by any cause, whether in- 
herent in the constitution of the system or external to 
it, in a state of regular periodic motion, that motion 
will be propagated throughout the whole system, and 

♦ Vide Prof. Avcfn Mathwaafinil Tracts 2d ad. p 900, Ac 
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tmll give rise in every member of it, ami in every part 
of each member, to periodic movements executed in 
equal periods with that to which they owe their origin, 
though not necessarily synchronous with them in their 
maxima and minima,* 

The system may be favourably or unfavourably con- 
stituted for such a transfer of periodic movements, or 
favourably in srome of its parts and unfavourably in 
others ; and, accordingly as it is the one or the other, 
the derivative oscillation (as it may be termed) will be 
imperceptible in one case, of appreciable magnitude in 
another, and even more perceptible in its visible effects 
than the original cause, in a third ; of this last kind we 
have an instance in the moon's acceleration to be here- 
after noticed. 

(527.) It so happens that our situation on the earth, 
and the delicacy which our observations have attained, 
enable us to make it, as it were, an instrument to feel these 
forced vibrations — these derivative motions, communi- 
cated from various quarters, especially from our neat 
neighbour, the moon, much in the same way as we de- 
tect, by the trembling of a board beneath us, the secret 
transfer of motion by which the sound of an organ pipe 
is dispersed through the air, and carried down into the 
earth. Accordingly, the monthly revolution of the moon, 
and the annual motion of the sun, produce, each of them, 
small nutations in the earth's axis, whose periods are 
respectively half a month and half a year, each of which, 
in this view of the subject, is to be regarded as one por- 
tion of a period consisting of two equal and simOar parts. 
But the most remarkable instance, by far, of this propa- 
gation of periods, and one of high importance to man- 
kind, is that of the tides, which are forced osciUations, 
excited by the rotation .of the earth in an ocean disturbed 
from its Sgure by the varying attractions of the son and 
moon, each revolving in its own orbit, and propagating 
its own period into the joint phenomenon. 

(528.) The tides are a subject on which many peisomi 
find a strange difficulty of conception. That the moon, by 

* See a demonstration of this theorem for the forced vibmtiom of wf- 
terns connected by material ties of imperfect elasticity, in my trealiwiiB 
Sound, Lncyc. Metrop. art. 323. The demonstratioti is eauly extendfld 
and generalized to tako in other systemi. Auikor* 
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her attraction, should heap up the waters of the ocean 
under her, seems to most persons very natural — ^that 
the same cause should, at the same time, heap them up 
on the opposite side, seems to many palpably absurd. 
Yet nothing is more true, nor indeed. more evident, when 
we consider that it is not by her whole attraction, but by 
the differences of her attractions at the two surfaces and 
at the centre that the waters are raised — that is to say, 
by forces directed precisely as the arrows in our figure, 
art. 510, in which we may suppose M the moon, and P 
a particle of water on the earth's surface. A drop of 
water existing alone would take a spherical foipn, by 
reason of the attraction of its parts ; and if the same 
drop were to fall freely in a vacuum under the influence 
of an uniform gravity, since every part would be equally 
accelerated, the particles would retain their relative posi- 
tions, and the spherical form be unchanged. But sup- 
pose it to fall under the influence of an attraction acting 
on each of its particles independently, and increasing 
in intensity at every step of the descent, then the parts 
nearer the centre of attraction would be attracted more 
than the central, and the central than the more remote, 
and the whole would be drawn out in the direction of the 
motion into an oblong form ; the tendency to separation 
being, however, counteracted by the attraction of the 
particles on each other, and a form of equilibrium being 
thus established. Now, in fact, the earth is constantly 
falling to the moon, being continually drawn by it out 
gf its path, the nearer parts more and the remoter less 
so than the central ; and thus, at every instant, the moon's 
attraction acts to force down the water at die sides, at 
right angles to her direction, and raise it at the two ends 
of the diameter pointing towards her. Geometry corro- 
borates this view of the subject, and demonstrates that 
the form of equilibrium assumed by a layer of water 
covering a sphere, under the influence of the moon's at- 
traction, would be an oblong ellipsoid, having the semi- 
axis directed towards the moon longer by about 58 inches 
tlian that transverse to it. 

(529.) There is never time, however, for this sphleroid 
to be fully formed. Before the waters can take their 
level, the moon has advanced in her orbit* both diurnal 

2C2 
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and monthly (for in this theory it will answer the pur- 
pose of clearness better if we suppose the earth's dinmal 
motion transferred to the sun and moon in the contrary 
direction), the vertex of the spheroid has shifted on the 
earth's surface, and the ocean has to seek a new bearing. 
The effect is to produce an immensely broad and exces- 
sively flat wave (not a circulating current) ^ which follows, 
or endeavours to follow, the apparent motions of the 
moon, and must, in fact, if the principle of forced vibrap 
tions be true, imitate by equal, though not by synchro- 
nous, periods, all the periodical inequalities of that motion. 
When the higher or lower parts of this wave strike our 
coasts, they experience what we call high and low water. 
(530.) The sun also produces precisely such a wave, 
whose vertex tends to follow the apparent motion of the 
sun. in the heavens, and also to imitate its periodic in- 
equalities. This solar wave coexists with the lunar — 
is sometimes superposed on it, sometimes transverse to it, 
so as to partly neutralize it, according to the monthly 
synodical configuration of the two luminaries. This al- 
ternate mutual reinforcement and destruction of the solar 
and lunar tides cause what are called the spring and 
neap tides — the former being their sum, the latter their 
difference. Although the real amount of either tide is, 
at present, hardly within the reach of exact calculation, 
yet their proportion at any one place is probably not 
very remote from that of the ellipticities which would 
belong to their respective spheroids, could an eqailibrium 
be attained. Now these ellipticities, for the solar and 
lunar spheroids, are respectively about two and five feet; 
so that the average spring tide will be to the neap as 7 
to 3, or thereabouts. 

i531.) Another effect of the combination of the Bolar 
lunar tides is what is called the priming and lagging 
of the tides. If the moon alone existed, and moved in 
the plane of the equator, the tide-day (t. e. the interval 
between two successive arrivals at the same place of the 
same vertex pf the tide-wave) would be the lunar dmy 
(art. 115) formed by the combination of the moon's si- 
dereal period and that of the earth's diurnal motion. 
Similarly, did the sun alone exist, and move always on 
the equator, the tide-day would be the mean solar day. 
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The actual tide-day, then, or the interval of tlie occur- 
rence of two successive maxima of their superposed 
waves, will vary as the s^arate waves approach to or 
recede from coincidence ; because, when the vertices oT 
two waves do not coincide, their joini height has its 
maximum at a point intermediate between them. This 
variation from uniformity in the lengths of successive 
tide-days is particularly to be remarked about the time 
of the new and full moon. 

(532.) Quite different in its origin is that deviation of 
the time of high and low water at any port or harbour, 
from the culmination of the luminaries, or of the theo- 
retical maximum of their superposed spheroids, which 
is called the ** establishment" of that port. II the water 
were without inertia, and free from obstruction, either 
owing to the friction of the bed of the sea — the narrow- 
ness of channels along which the wave has to travel be- 
fore reaching the port — their length, &c. &c., the times 
above distinguished would be identical. ' But all these 
causes tend to create a difference, and to make that dif- 
ference not alike at all ports. The observation of the 
establishment of Harbours is a point of great maritime 
importance ; nor is it of less consequence, theoretically 
speaking, to a knowledge of the true distribution of the 
tide waves over the globe.* In making such observa- 
tions, care must be taken not to confound the time of 
" slack water," when the current caused by the tide ceases 
to flow visibly one way or the other, and ih^iof high or low 
water, when the level of the surface ceases to rise or fall. 
These are totally distinct phenomena, and depend on en- 
tirely different causes, though it is true they may some- 
times coincide in point of time. They are, it is feared, 
too often mistaken one for the other by practical men ; a 
circumstance which, whenever it occurs, must produce* 
the greatest confusion in any attempt to reduce the sys- 
tem of the tides to distinct and inte^igible laws. 

(533.) The declination of the sun and moon materially 

* The recent investigations of Mr. Lubbock, and those highly interest- 
ing ones in which Mr. Whewell is understood to be engaged, will, it is 
lo be hoped, not only throw theoretical light 01^ the very obscure sub* 
iect of the tides, but (what is at present quite as much want«d) arouse 
Che attention of observers, and at the same time give it that rig^t direc 
Cion, by pointins out wka$ oitgkt to U obterved, wiUiout which all obser 
vation » lost labour. 
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affects the tides at any particular spot. As the vertex of 
the tide-wave tends to place itself vertically under the 
luminary which produces it,vwhen this vertical changes 
its point of incidence on the surface, the tide-wave must 
tend to shift accordingly, and thus, by monthly and an- 
nual periods, must tend to increase and diminish alter- 
nately the principal tides. The period of the moon's 
nodes is thus introduced into this subject ; her excursions 
in declination in one part of that period being 29°, and 
in another only 17°, on either side the equator. 

(534.) Geometry demonstrates that the efficacy of a 
luminary in raising tides is inversely proportional to the 
cube of its distance. The sun and moon, however, by 
reason of the ellipticity of their orbits, are alternately 
nearer to and farther from the earth than their mean dis- 
tances. In consequence of this, the efficacy of the sun 
will fluctuate between the extremes 19 and 21, taking 
20 for its mean value, and that of the moon between 43 
and 59. Taking into account this cause of difference, 
the highest spring tide will be to the lowest neap as 59 
/+21 to 43 — 19, or as 80 to 24» or TO to 3. Of all the 
causes of differences in the height of tides, however, 
local situation is the most influential. In some places, 
the tide-wave, rushing up a narrow channel, is suddenly 
raised to an extraordinary height. At Annapolis, for 
instance, in the Bay of Fundy, it is said to raise 120 
feet.* Even at Bristol, the difference of high and low 
water occasionally amounts to 50 feet. 

(535.) The action of the sun and moon, in like man 
ner, produces tides in the atmosphere, which delicate 
•observations have been able to render sensible and mear 
surable. This effect, however, is extremely minute. 

(536.) To return, now, to the planetary perturbations. 
Let us next consider the changes induced by their mu- 
tual action on the magnitudes and forms of Uieir orbitSi 
and in their positions therein in different situations with 
respect to each Other. In the first place, liowever» it 
will be proper to explain the conventions under which 
geometers and astronomers have alike agreed to use the 
language and laws of the elliptic system, and to continue 
to apply them to disturbed orbits, although those orbitti 
* Robison*8 Lectures on Mechanical FhikMophy. 
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SO disturbed are no longer, in mathematical strictness, 
ellipses, or any known curves. This they do, partly on 
account of the convenience of conception and calcula- 
tion which attaches to this system, but much more for 
this reason — that it is found, and may be demonstrated 
from the dynamical relations of the case, that the de- 
parture of each planet from its ellipse, as determined at 
any epoch, is capable of being truly represented, by sup- 
posing the ellipse itself to be slowly variable, to change 
its magnitude and eccentricity, and to shift its position 
and the plane in which it lies according to certain laws, 
while the planet all the time continues to move in this 
ellipse, just as it would do if the ellipse remained in- 
variable and the disturbing forces had no existence. By 
this way of considering the subject, the whole permanent 
effect of the disturbing forces is regarded as thrown upon 
the orbit, while the relations of the planet to that orbit 
remain unchanged, or only liable to brief and compara- 
tively momentary fluctuation. This course of procedure, 
indeed, is the most natural, and is in some sort forced upon 
us by the extreme slowness with which the variations 
of the elements develope themselves. For instance, the 
fraction expressing the eccentricity of the earth's orbit 
changes no more than 0*00004 in its amount in a cm' 
tury ; and the place of its perihelion, as referred to the 
sphere of the heavens, by only 19' 39" in the same 
time. For several years, therefore, it would be next to 
impossible to distinguish between an ellipse so varied 
and one that had not varied at all ; and in a single revo- 
lution, the difference between the original ellipse and 
the curve really represented by the varying one, is so 
excessively minute, that if accurately drawn on aC table, 
six feet in diameter, the nicest examination with mi- 
croscopes, continued along the whole outlines of the two ' 
curves, would hardly detect any perceptible interval be- 
tween them. Not to call a motion so minutely conform- 
ing itself to an elliptic curve, elliptic^ would be affecta- 
tion, even granting the existence of trivial departures 
alternately on one side or on the other ; though, on the 
other hand, to neglect a variation, which continues to 
accumulate from age to age, till it forces itself on our 
notice, would be wilful blindnese. 
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(537.) Geometers, then, have agreed in each single 
revolution, or for any moderate interval of time, to re- 
gard the motion of each planet as elliptic, and performed 
according to Kepler's laws, with a reserve in favour of 
certain very small and transient fluctuations, but at.the 
same time to regard all the elements of each ellipse as 
in a continual, though extremely slow, state of change; 
and, in tracing the effects of perturbation on the system, 
they take account principally, or entirely, of this change 
of the elements, as that upon which, after all, any mate- 
rial change in the great features of the system will ulti- 
mately depend. 

(538.) And here we encounter the distinction between 
what are termed secular variations, and such as are ra- 
pidly periodic, and are compensated in short intervals. 
In our exposition of the variation of the inclination of a 
disturbed orbit (art. 514), for instance, we showed that, 
in each single revolution of the disturbed body, the plane 
of its motion underwent fluctuations to and fro in its 
inclination to that of the disturbing body, which nearly 
compensated each other; leaving, however, a portion 
outstanding, which again is nearly compensated by the 
revolution of the disturbing body, yet still leaving out- 
standing and uncompensated a minute portion of the 
change, which requires a whole revolution of the node 
to compensate and bring it back to an average or mean 
value. Now, the two first compensations which are 
operated by the planets going through the succession of 
configurations with each other, and therefore in compa- 
ratively short periods, are called periodic variations; 
and the deviations thus compensated are called inequa- 
lities depending on configurations; while the last, 
which is operated by a period of the node (one of the 
elements), has nothing to do with the configurations of 
the individual planets, requires an immense period of 
time for its consummation, and is, therefore, distinguish 
ed from the former by the term secular variation. 

(539.) It is true, that, to afford an exact representatioii 
of the motions of a disturbed body, whether planet oi 
satellite, both periodical and secular variations, with 
their corresponding inequalities, require to be express- 
ed ; and, indeed, the former even more than the latter t 
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seeing that the secular inequalities are, in fact, nothing 
but what remains after the mutual destruction of a much 
larger amount (as it very often is) of periodical. But 
these are in their nature transient and temporary : they 
disappear, and leave no trace. The planet is tempora- 
rily drawn from its orbit (its slowly varying orbit), but 
forthwith returns to it, to deviate presendy as much the 
other way, while the varied orbit accomodates and ad- 
justs itself to the average of these excursions on either 
side of it; and thus continues to present, for a succes- 
sion of indefinite ages, a kind of medium picture of all 
that the planet has been doing in their lapse, in which 
the expression and character is preserved ; but the in- 
dividual features are merged and lost. These periodic 
inequalities, however, are, as we have observed, by no 
means to be neglected, but they are taken account of by 
a separate process, independent of the secular variations 
of the elements. 

(540.) In order to avoid complication, while endea- 
vouring to give the reader an insight into both kinds of 
variations, we shall henceforward conceive all the orbits 
to lie in one plane, and confine our attention to the case 
of two only, that of the disturbed and disturbing body, 
a view of the subject which (as we have seen) compre- 
hends the case of the moon disturbed by the sun, since 
any one of the bodies may be regarded as fixed at plea- 
sure, provided we conceive all its motions transferred in 




a contrary direction to each of the others. Suppose, 
therefore, S to be the central, M the disturbing, and P 
the disturbed body. Then the attraction of M acts on 
P in the direction PM, and on S in the direction SM 
And the disturbing part of M's attraction, being the dif- 
ference only of these forces, will have no fixed direction, 
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but will acton P very difTerently, according to the configu- 
rations of P and M. It will therefore be necessary, in 
analyzing its effect, to resolve it, according to mechani- 
cal principles, into forces acting according to some cer- 
tain directions ; viz. along the radius vector SP, and per- 
pendicular to it. The simplest way to do this, is to resolve 
the attractions of M on both S and P in these directions, 
and take, in both cases, their difference, which is the dis- 
turbing part of M's effect. In this estimation, it will be 
found then that two distinct disturbing powers originate ; 
one, which we shall call the tangential force, acting in 
the direction PQ, perpendicular to SP, and therefore in 
that of a tangent to the orbit of P, supposed nearly a cir- 
cle — the other, which may be called the radial disturbing 
force, whose direction is always either to or from S. 

(541.) It is the former alone (art. 419) which disturbs 
the equable description of areas of P about S, and is 
therefore the chief cause of its angular deviations from 
the elliptic place. For the equable description of areas 
depends on no particular law of central force, but only 
requires that the acting force, whatever it be, should be 
directed to the centre ; whatever force does not conform 
to this condition, must disturb the areas. 

(542.) On the other hand, the radial portion of the dis- 
turbing force, though, being always directed to or from 
the centre, it does not affect the equable description of 
areas, yet, as it does not conform in its law of variation 
to that simple law of gravity by which the elliptic figure 
of the orbits is produced and maintained, has a tendency 
to disturb this form ; and, causing the disturbed body P, 
now to approach the centre nearer, now to recede farther 
from it, than the laws of elliptic motion would warrant, and 
to have its points of nearest approach and farthest recess 
otherwise situated than they would be in the undisturbed 
orbit, tends to derange the magnitude, eccentricity, and 
position of the axis of P's ellipse. 

(543.) If we consider the variation of the tangential 
force in the different relative positions of M and P, we 
shall find that, generally speaking, it vanishes when P is 
at A or C, see Jig, to art. 540, i. e, in conjunction with 
M, and also at two points, B and D, where M is equi- 
distant from S and P (or very nearly in the quadratures of 
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P with M) ; and 'that, between A and By or D, it tends to 
urge P towards A, while, in the rest T>f the orbit, its 
tendency is tf} urge it (owards C. doiisequentlY, the 
general effect will be, that in P's progrress through a com«- 
plete synodicml revolution round ifs prbit from A, it wil^ 
first be accelerated from A up to B— 'thence retarded tiU 
it arrives at C— rthence again accelerated up to D, and 
again retarded till its re-arrival at the qouj unction A. 

(544.) If P's orbit .were an exact circle, as well as M's, 
it is evident that the retardation which takes place during 
the description of the arc ^B would be exacdy compen*' 
sated by the acceleration in the arc .DA, these arcs being 
just equal, and similarly disposed with respect to the 
disturbing foroes ; and similarly, that the acceleration 
through the 9ure BC would be exactly compensated by 
the retardation along CD. Consequently, on the ave- 
rage of each revolution of P, a coinpensation would take 
place ; the period 'Voidd remain unaltered, and all die 
errors in longitude would desjl^oy c^ach other. 

(545.) This exact eompeosation, however, depends 
evidently on the exact symqcietry of disposal of the parts 
of the orbits on either side of the line GSM. If that 
symmetry be broken, it will no longer take place, and in- 
equalities in P's motion will be pipduced, which extend 
beyond the limit of a single revolution, and must await 
their compens«tioH, K it ever t^ke place at all, in a re« 
yersal oC the relations of eonfigurai^on which produced 
them. Suppose, for example, that the orbit of P being 
circular, that of M were elliptic, and that, at the moment 
when P set out from A, M were at its greatest distance 
from P; suppose, also, that M were so distant as to 
make only a small part of its whole revolution during a 
revolution of P. Then it is clear ^hau during the whole 
Involution of P, M's. disturbing force would be on the 
increase by the approach of M, and that, in consequence, 
ihe disturbance arising in eaeh succeeding quaclrant of 
its motion, would over-compensate that produced in the 
foregoing ; so that, when P had come round again to its 
conjunction with M, there would be found on the whole 
to have taken place an over-compensation in favour of 
an acceleration in the orbitual motion. This kind of a&- 
iion would go on so long as M continaed to approach S ; 

2D 
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bat when, in the progress of its elliptic motion, it began 
again to recede, the reverse effect would take place, and s 
retardation of P's orbitual motion would happen ; and so 
on alternately, until at length, in the average of a great 
many revolutions of M, in which the place of P in its 
ellipse at the moment of conjunction should have been 
situated in every variety of distance, and of approach 
and recess, a compensation of a higher and remoter order, 
among all those successive over and undeiM^mpensa- 
tions, would have taken place, and a mean or average 
angular motion would emerge, the same a« if no distuib- 
ance had taken place. 

(546.) The case is only a little more complicated, but 
the reasoning very nearly similar, when the orbit of the 
disturbed body is supposed elliptic. In an elliptic orbit, 
the angular velocity is not uniform. The disturbed body 
then remains in some parts of its revolution longer, in 
others for a shorter time, under the influence of the ac- 
celerating and retarding tangential forces, than is neces- 
sary for an exact compensation ; independent, then, of 
any approach or recess of M, there would, on this account 
alone, take place an over or under-compensation, and a 
surviving, unextinguished perturbation at the end of a 
synodic period ; and, if the conjunctions cdways took 
place on the same point of P'a ellipse, this cause would 
constantly act one way, and an inequality would arise, 
having no compensation, and which would at length, and 

Sermanently, change the mean angular motion of P. 
lut this can never be the case in the planetary system. 
The mean motions (s. e. the mean angular velocities) of 
the planets in their orbits, are incommensurable to one 
another. There are no two planets, for instance, which 
perform their orbits in times exactly double, or triple, 
the one of the other, or of which the one performs exact- 
ly two revolutions while the other performs exactly three, 
or five, and so on. If there were, the case in point would 
arise. Suppose, for example, that the mean motions of 
the disturbed and disturbing planet were exactly in the 
proportion of two to five ; then would a cycle, consisting 
of five of the shorter periods, or two of the longer, brinff 
them back exactly to the same configuration. It would 
cause their conjunction, for instance, to happen onoe in 
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every sueh cycle, in the same precise points of their orbits, 
while in the intermediate periods of the cycle the other 
configurations kept shifting round. Thus, then, would 
arise the very case we have been contemplating, and a 
permanent derangement would happen. 

(547.) Now, although it is true that the mean motions 
of no two planets are exactly commensurate, yet cases 
are not wanting in which there exists an approach to this 
adjustment. And, in particular, in the case of Jupiter 
and Saturn— -that cycle we have taken for our example 
in the above reasoning, viz. a cycle composed of five pe- 
riods of Jupiter and two of Saturn — although it does not 
exactly bring about the same configuration, does so pretty 
nearly. Five periods of Jupiter are 21663 days, and two 
periods of Saturn 21518 days. The difference is only 
145 days, in which Jupiter describes, on an average, 12°, 
and S^^rn about 5°, so that after the lapse of the former 
interval they will only be 5° from a conjunction in the 
same parts of their orbits as before. If we palculate the 
time which will exactly bring about, on the average, 
three conjunctions of the two planets, we shall find it to 
be 21760 days, their synodical period being 7253*4 days. 
In this interval Saturn will have described 8° 6' in excess 
of two sidereal -revolutions, and Jupiter the same angle 
in excess of ^ve. Every third conjunction, then, will 
take place S° 6' in advance of the preceding, which is 
near enough to establish, not, it is tiue, an identity with, 
but still a great approach to the case in question. The 
excess of action, for several such triple conjunctions (7 
or 8) in succession, will lie the same way, and at each 
of them the motion of P will be similarly infiuenced, so 
as to accumulate the effect upon its lono^tude ; thus giv- 
ing rise to an irregularity of considerable magnitude and 
very long period, which is well known to astronomers 
by the name of the great inequality of Jupiter and Saturn. 

(548.) The arc 8"* 6' is contained 44^ times in the 
whole circumference of 360° ; and accordingly, if we 
trace round this particular conjunction, we shall find it 
will return to the same point of .the orbit in so many 
times 21760 days, or in 2648 yearfir. But the conjunc- 
tion we are now considering, is only one out of three 
The other two will happen at points of the orbit abmit 
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123^ and 2 i6^ distant, and thest points also wiR advance 
by the same arc of 8° 6' in 21760 dayn. Consequently, 
the period of 2648 years will bring them all round, and 
in that interval ea«:h of them will pass through that point 
of the two orbits from Which we comYneneed; hence ff 
conjunction (one or Other of the three) will happen at 
that point once in one third of this period, or in 883 
years; and this is, therefore^ th^ cycle in which the 
" great inequality'* would undergo its full compensation, 
did the elements of the orbits continue all tilat time in- 
variable. Their vaii^tiony however, is considerable in so 
long an interval ; and, owing to this cause, the period 
itself is prolonged to about 918 years. 

(549.) We have selected this inequality sis a proper 
instance of the actijii of a tangential disturbing force, 
on account of its magnitude, the length of its period, 
and its high historitral interest. U had long been re- 
marked by astronomers, that oA comparing together 
modern with ancient observations of Jupiter and Saturn, 
the mean motions of these planets did not appear to be 
uniform. The period of Saturn, for instance, appeared 
to have been lengthening throughout the ^hole of the 
seventeenth century, and that of Jupifer shortening-*- 
that is to say, the one planet was constamtly lagging be- 
hind, and the other getiing in advance of its calcolated 
place. On the other hand, in the eighteenth century, a 
process precisely the revt.'rse seemed to be going on. It 
is true, the whole retardations and acceleratioiiB observed 
were not very great ; buj* as their inffueiiee Went on 
accumulating, they produced, at length, material differ 
ences between the observiMl and calculated places of 
both these planets, which, ai^ they eould not then be ac- 
counted for by any theory, existed a high dc^grO of atten-' 
tion, and were even, at one time, too hastily regarded as 
almost subversive of the Newumian doctrine of gravity. 
For a long while this difference baffled every endeavoar 
to account for it, till at length i ^aplaee pointed out iti 
cause in the near commensurability of the mean motions* 
as above shown, and succeeded in calculating its period 
and amount. 

(550.) The inequality in question amounts, at its 
maximum, to an alternate retardation and acceleration of 
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about 0° 49' in th^. .longitude of Saturn, and a corres- 
ponding acceleration or retardation of about 0** 21' in 
that of Jupiter. That an acceleration in the one planet 
must necessarily be accompanied by a retardation in the 
other, and vice versd^ is evident, if we consider, that ac- 
tion and reaction being equal, and in contrary directions, 
whatever momentum Jupiter communicates to Saturn in 
the direction PM, the same momentum must Saturn com- 
municate to Jupiter in the direction MP. The one, there- 
fore, will be dragged forward, whenever the other is 
pulled back in its orbit. Geometry demonstrates, that, 
on the average of each revolution, the proportion in 
which this reaction will affect the longitudes of the two 
planets is that of their masses multiplied by the square 
roots of the major axes of their orbits, inversely, and this 
result of a very intricate and curious calculation is fully 
confirmed by observation. 




(551.) The inequality in question would be much 
greater, were it not for the partial compensation which 
is operated in it in every triple conjunction of the planets. 
Suppose PQR to be Saturn's orbit, and pqr Jupiter's ; 
and suppose a conjunction to take place at Vp, on the 
line SA ; a second at 123^ distance, on the line SB ; a 
third at 246° distance, on SC ; and the next at 368°, on 
SD. This last-mentioned conjunction, taking place 
nearly in the situation of the first, will produce nearly a 
repetition of the first effect in retarding or accelerating 
the planets ; but the other two, being in the most remote 
situations possible from the first, will happen under en- 
tirely different circumstances as to the position of the 
perihelia of the orbits. Now, we have seen that a pre- 

2D2 
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sentation of the one planet to the bther iA conjunction, 
in a variety of situations, tends to produce compensation ; 
and, in fact, the greatest possible ambunt of compensa- 
tion which can be produced by only three configurations 
is when they are thus equally distributed round the cen- 
tre. Three positions bf conjunction compensate more 
than two, four than three, and so on. Hence we see 
that it is not the whole aroouAt of perturbation, which is 
thus accumulated in each triple conjunction, but onlj 
that small part which is left uncompensated by the in- 
termediate ones. The reader, who possesses already 
some acquaintance witli the subject, will not be at a Iom 
to perceive how this consideration is, in fact, equivalent 
to that part of the geometrical investigation of this in- 
equality which leads us to seek its expression in terms 
of the third order, or involving the cubes and prodacts 
of three dimensions of the eccentricities ; and how the 
continual accumulation of small quantities, during lone 
periods, corresponds to what geometers intend when 
they speak of small terms receiving great accessions of 
magnitude by integration. 

(552.) Similar considerations apply to every case of 
approximate commensurability which can take place 
among the mean motions of any two planets. Such, for 
instance, is that which obtains between the mean motion 
of the earth and Venus — 13 times the period of Venus 
being very nearly equal to 8 times that of the earth. 
This gives rise to an extremely near coincidence of every 
fifth conjunction, in the same parts of each orbit (within 
if^^th part of a circumference), and therefore to a cor- 
respondingly extensive accumulation of the resulting un- 
compensated perturbation. But, on the other hand, the 
part of the perturbation thus accumulate is only thtt 
which remains outstanding after passing the equaJizing 
ordeal of five conjunctions equally distributed round the 
circle ; or, in the language of geometer^, is dependent 
on powers and products of the eccentricities and inelinft- 
tions of the fifth order. It is, therefore, extreAiely mi- 
nute, and the whole resulting inequality, according to 
the recent elaborate calculations of professor Airy, to 
whom it owes its detection, amounts to no more than a 
few seconds at lis maximum, while its period is no lest 
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than 240 years. This example will senre to show to 
what mintitenesfl these inquiries have been earned in the 
planetary theory. 

(553.) In the theory of the moon, the tangential force 
gives rise to many inequalities, the chief of which is ^at 
called the variation, which is the direct and principal 
effect of that part of the disturbance arising firom the al« 
ternate acceleration and retardation of the areas from the 
syzififies to the quadratures of the orbit, and vice versa j 
combined with the. elliptic form of the orbit; in conse- 
quence of which, the same area described about the 
focus will, in different parts of the ellipse, correspond to 
different amounts of angular motion. This inequality, 
which at its maximum amounts to about 37% was first 
distinctly remarked as a periodical correction of the moon's 
place by Tyclio Brahe, and is remarkable in the history 
of the lunar theory, as the first to be explained by New- 
ton from his theory of gravitation. 

(554.) We come now to consider the effects of that 
part of the disturbing force which acts in the direction of 
the radius vector, and tends to alter the law of gravity, 
and therefore to derange, in a more direct and sensible 
manner than the tangential force, the form of the dis- 
turbed orbit from that of an ellipse, or, according to the 
view we have taken of the subject in art. 536, to produce 
a change in its magnitude, eccentricity, and position in 
its own plane, or in the place of its perihelion. 

(555.) In estimating the disturbing force of M on P, 
we have seen that the difference only of M's accelerative 
attraction oh S and P is to be regarded as effective as 
such, and that the first resolved portion of M's attraction, 
— that, namely, which acts at P in the direction PS— 
not finding in the power which M exerts on P any oop- 
I'esponding part, by which its effect may be nullified, is 
wholly effective to urge P towards S in addition to its 
natural gravity. This force is called the addiiilious part 
of the disturbing force. There is, besides this, another 
power, acting also in the direction of the radius SP, 
which is that arising from the difference of actions of M 
on S and P, estimated first in the direction PL, parallel 
to SM, and then resolved into two forces ; one of which 
is the tangential fbroe» already oonsidered, in the directi<Hi 
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PK ; the other perpendicular to it, or in the direction PR. 
This part of M's action is termed ihe ahlatifious force, be- 
cause it tends to diminish the griivity of P towards S ; and 
it is the excess of tlie one of these resolve«l portions over 
the other, which, in any assigned position of P and M, 
constitutes the radial pari o( the disturbing force, and 
respecting whose effects we are now about to reason. 
(556.) The estimation of these forces is a matter of no 
difficulty when the dimensions of tlie orbits are given, 
but they are too complicated in their expressions to find 
any place here. It will suffice for our pur])ose to j)oinl 
out their general tendency ; and, in the first place, we 
shall consider their mean or average effect In order lo 
estimate what, in any one position of P, will be t!je 
mean action of M in all the situations it can hold with 
respect to P, we have nothing to do but to suppose M 
broken up, and distributed in the form of a tiiin ring 
round tlie circumf(;rence of its orbit. If we would take 
account of the elliptic motion of M, we might conceive 
the thickness of this ring, in its different parts, to be pro- 
portional to the time which M occupies in every part of 
its orbit, or in the inverse proportion of its angular 
motion. But into this nicety we shall not go, but con- 
tent ourselves, in the first instance, with supposing M's 
orbit circular and its motion uniform. Then it is clear 
that the mean disturbing effect on P will be the difference 
of attractions of that ring on the two points P and S, of 
which the latter occupies its centre, the former is ec- 
centric. Now the attraction of a ring on its centre is 
manifestly equal in all directions, and therefore, estimated 
in any one direction, is zero. On the other hand, on a 
pomt P out of its centre, if tvithin the ring, the resulting 
attraction will always be outwards, towards the nearest 
point of the ring, or directly from the centre.* But if? 

* As this is a proposition which the equilibrium of Saturn** ring ren- 
ders not merely speculative or illustrative, it will be well todemooBtnto 
it ; whirh may l>e done very simply, and without the aid of any cal- 
culus. Conceive a spherical shell, and a point within it : every lino 
passing through the point, and terminating both ways in the shell, will 
of course, be equally inclined lo its surface at either end, being a choid 
of a sphorical surfiice, and, therefore, symmetrically related to all ill 
parts. Now, (H)nceive a small double cone, or pyramid, having its apel 
at the point, and formed by the conical motion of such a hue round tlie 
poiiit Theu will the two portions of the iphencal ihell, which ibnn th« 
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lie without the ring, the insulting force will act always 
inwards f urging P towards its centre. Ileuce it appears 
that the mean effect of the radial force will be different 
in its direction, according as the orbit of the disturbing 
body is exterior or interior to that of the disturbed. In 
the former case it will diminish, in the latter will in- 
crease, the central gravity. 

(557.) Regarding, still, only t'le mean effect, as pro- 
duced in a great number of revolutions of both bodies, it 
is evident that an increase of central force must be ac- 
companied with a diminution of periodic time, and a 
contraction of dimension of the orbit of a body revolving 
with a stated velocity, and vice versa. This, then, is the 
first and most obvious effect of the radial part of the dis- 
turbing force. It alters permanently, and by a certain 
mean and invariable amount, the dimensions of all the 
orbits and the periodic limes of all the bodies composing 
tlie planetary system, from what they would be, did each 
planet circulate about the sun uninfluenced by the at- 
traction of the rest ; the angular motion of the interior 
bodies of the system being thus rendered less, and those 
of the exterior greater, than on that supposition. The 
latter effect, indeed, might be at once concluded from this 
obvious consideration — that all the planets revolving in- 
teriorly to any orbit may be considered as adding to the 
genertd aggregate of the attracting matter within, which 
is not the less efficient for being distributed over space, 
and maintained in a state of circulation. 

bases of both the cones, or {^remids, be similar and equally inclined to 
their axes. Therefore their ardas will be to each other as the squares of 
their distances from the common apex. Therefore their attractions on it 
will be equal, because the attraction is as the attracting matter directly, 
and the square of its distance inversely. Now, these attractions act m 
opposite directions, and, therefore, counteract each other. Therefore, 
the point is in equilibrium between ihem ; and as the same is true of 
every such pairof^areas into which the spherical shell can be broken up, 
therefore the point will be in equilibrium, howewr mlaaled within such • 
spherical shell. Now take a ring, and treat it shnilariy, breaking its 
circumference up into pairs of elements, the bases of /ria/}^/€< formed by 
lines passing through the attracted point. Here the attracting elements, 
bein^ linen^ not surfaces, are in the* simple ratio of the distances, not the 
d'fvltctUe. as they should be to maintain the equilibrium. Therefore it 
will not be iQaiutained, but the nearest elements will have the supe- 
r ority, and the point will, on the whole, be urged towards the nearest 
parr of the ring. The same i* true of eveiy linear ring, and is, therefore, 
true of any assemblage of oodeeutncoaeffioniiinga flat stimulus* like thft 
hngofSaUim. 
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(568.) This effect, however, is one which we have no 
means of me;isurinj(, or cvcmi of detrcting, otherwise than 
by ciilculiition. For our knowledge of the periods of 
the planets, and the dimensions of their orbits, is drawn 
from observations made on them in their actual state, and 
therefore, under the influence of this constant part of 
the perturbative action. Their observed mean motions 
are, therefore, affected by the whole amount of its in- 
fluence : and we have no means of distinguishing this 
from the direct effect of the sun's attraction, with which 
it is blended. Our knowledge, however, of the masses 
of the planets assures us that it is extremely small ; and 
this, in fact, is all which it is at all important to us to 
know, in the theory of their motions. 

(559.) The action of the sun upon the moon, in like 
manner, tends, by its mean influence during many suc- 
cessive revolutions of both bodies, to dilate permanently 
tlie moon's orbit, and increase her periodic time. But 
this general average is not established, either in the case 
of the moon or planets, without a series of subordinate 
Ihictuations due to the elliptic forms of their orbits, which 
we have purposely neglected to take account of in the 
above reasoning, and which obviously tend, in the average 
of a great multitude of revolutions, to neutralize each 
other. In the lunar theory, however, many of these 
subordinate fluctuations are very sensible to observation, 
and of great importance to a correct knowledge of her 
motions. For example : — The sun's orbit (referred to 
the earth as fixed) is elliptic, and requires thirteen luna- 
tions for its description, during which the distance of 
the sun underg(;es an alternate increase and diminution, 
each extending over at least six complete lunations. 
Now, as the sun approaches the earth, its disturbing 
forces of every kind are increased in a high ratio, and 
vice versa. Therefore the dilatation it produces on the 
lunar orbit, and the diminution of the moon's periodic 
time, will be kept in a continual state of fluctuation, in- 
creasing as the sun approaches its perigee, and dimi- 
nishing as it recedf's. And this is consonant to fact — tlie 
observed difference between a lunation in Jamiary (when 
the sun is nearest the earth) and in July (when iX if 
farthest) being no less than 35 minutes 
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(560.) Another very remarkable and important effect 
of this cause,' in one of its subordinate fluctuations (ex- 
tending, however, over an immense period of time), is 
what is called the secular acceleration o/* the moorCs 
mean motion. It had been observed by Dr. Halley, on 
comparing together the records of the most ancient lu- 
nar eclipses of tiie Chaldean astronomers with those of 
modern times, that the period of the moon's revolution 
at present is sensibly shorter than at that remote epoch ; 
and this result was confirmed by a further comparison 
of both sets of observations with those of the Arabian as- 
tronomers of the eighth and ninth centuries. It appear- 
ed from these comparisons, that the rate at which the 
moon's mean motion increases is about 1 1 seconds per 
century — a quantity small in itself, but becoming consi- 
derable by its accumulation during a succession of ages* 
This remarkable fact, like the great equation of Jupiter 
and Saturn, had been long the subject of toilsome inves- 
tigation to geometers. Indeed, so difficult did it appear 
to render any exact account of, that while some were on 
the point of again declaring the theory of gravity inade- 
quate to its explanation, others were for rejecting altoge- 
ther the evidence on which it rested, although quite as 
satisfactory as that on which most historical events are 
credited. It was in this dilemma that Laplace once more 
stepped in to rescue physical astronomy from its re- 
proach, by pointing out the real cause of the phenome- 
non in question, which, when so explained, is one of the 
most curious and instructive in the whole range of our 
subject — one which leads our speculations further into 
the past and future, and points to longer vistas in the dim 
perspective of changes which our system has undergone 
and is yet to undergo, than any other which observation 
assisted by theory has developed. 

(561.) If the solar ellipse were invariable, the alter- 
nate dilatation and contraction of the moon's orbit, ex- 
plained in art. 559, would in the course of a great many 
revolutions of the sun, at length effect an exact com- 
pensation in the distance and periodic time of the moon, 
by bringing every possible step in the sun's change of 
distance to correspond to every possible elongation of 
the moon from the sun in her od)it. But this is not, in 
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fact, the case. The solar eclipse is kept (as we have al- 
ready hinted in art. 536, and as we shall very soon ex- 
plain more fully) in a continual but excessively slow 
state of change, by the action of the planets on the eariL 
Its axis, it is true, remains unaltered, but its eccentricity 
is, and has been since the earliest ages, diminishing; 
and this diminution will continue (there is little reason 
to doubt) till the eccentricity is annihilated altogeUier, 
and the earth's orbit becomes a perfect circle ; after 
which it will again open out into an ellipse, the ecceu 
tricity will again increase, attain a certain moderate 
amount, and then again decrease. The time required for 
these revolutions, though calculable, has not been calcu- 
lated, farther than to satisfy us that it is not to be reck- 
oned by hundreds or by thousands of years. It is a pe- 
riod, in short, in which the whole history of astronomy 
and of the human race occupies but as it were a point, 
during which all its changes are to be regarded as uui- 
form. Now, it is by this variation in the ecccntririty of 
the earth's orbit that the secular acceleration of the luonn 
is caused. The compensation above spoken of (wliich, 
if the solar ellipse remained unaltered, would be effect- 
ed in a few years or a few centuries at furthest in the 
mode already stated) will now, we see, be only imper- 
fectly ciTected, owing to this slow shifting of one of the 
cssentiiil data. The steps of restoration are no longei 
identical with, nor equal to, those of change. The same 
reasoning, in short, applies, with that by which we ex- 
plained the long inequalities produced by tlie tangential 
force. The struggle up hill is not maintained on equal 
terms with the downward tendency. The ground is all 
ilie while slowly sliding beneath the feet of the antagonists. 
During the whole time that the earth's eccentricity is 
diminishing, a preponderance is given to the action overthe 
reaction ; and it is not till that diminution shall cease, that 
the ta1)les will be turned, and tlie process of ultimate re- 
storation will commence. Meanwhile, a minuti^, outstand- 
ing, and uncompensated effect is left at each recurrence, 
or near recurrence, of the same configurations of the sun, 
the moon, and the solar and lunar perigee. These ac- 
cumulate, influence the moon's periodic time and mean 
motion, and thus becoming repeated in every lunation, 



at length affect her longLtude to an extent not -to be over- 
looked. 

(562.) The phenomenon of which we have now 
given an account is another and very striking example of 
the propagation of a periodic change from one pait of a 
system to another. The planets have no direct, appre- 
ciable action on the lunar motions as referred to the earth. 
Their masses are too small, and their distances too great, 
for their difference of action on the moon and earth, ever 
to become sensible. Yet their effect on the earth's orbit 
is thus, we see, propagated through the sun to that of the 
moon ; and what is very remarkable, the transmitted 
effect thus indirectly produced on the angle described by 
the moon round the eartli is more sensible to observa* 
tion than that directly produced by them on the angle 
described by the earth round the sun. 

(563.) The dilatation and contraction of the lunar and 
planetary orbits, then, which arise from the action of the 
radial force, and which tend to affect their mean mo- 
tions, are distinguishable into two kinds ; — the one per- 
manent, depending on the distribution of the attracting 
matter in the system, and on the order which each pla- 
net holds in it ; the other periodic, and which operates 
in length of time its own compensation. Geometers 
have demonstrated (it is to Lagrange that we owe this 
most important discovery) that, besides these, there ex- 
ists no third class of effects, whether arising from the 
radial or tangential disturbing forces, or from their com- 
bination, such as can go on for ever, increasing in one di- 
rection without self-compensation ; and, in particular, 
that the major axes of the planetary ellipses are not lia- 
ble even to those slow secular changes by which the in- 
clinations, nodes, and all the other elements of the sys- 
tem, are affected, and which, it is true, are periodic, but 
in a different sense from those long inequalities which 
depend on the mutual configurations of the planets inter 
96. Now, the periodic time of a planet in its orbit about 
the sun depends only on the masses of the sun and pla- 
net, and on the major aL^ia of the orbit it describes, with- 
out regard to its degree of eccentricity, or to any other 
element. The mean sidereal periods of the planets, 
therefore, such as result from an average of a sufficient 

2E 
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number of revolutions to allow of the compensation of 
the last-mentioned inequalities, are unalterable by lapse 
of time. The length of the sidereal year, for example, 
if concluded at this present time from observations era- 
braciner a thousand revolutions of the earth round the 
sun (such, in short, as we now possess it), is the same 
with that which (if we can stretch our imagination so 
far) must result from a similar comparison of observa- 
tions made a million of years hence. 

(564.) This theorem is justly regarded as the most 
important, as a single result, of any which have hitherto 
rewarded the researches of mathematicians. We shall, 
therefore, endeavour to make clear to our readers, at 
least the principle on which its demonstration rests ; and 
although the complete application of that principle can- 
not be satisfactorily made without entering into details 
of calculation incompatible with our objects, we shall 
have no difficulty in leading them up to that point where 
those details must be entered on, and in giving such an 
insight into their general nature as will render it evident 
what must be their results when gone through. 

(565.) It is a property of elliptic motion performed 
under the influence of gravity, and in conformity with 
Kepler's laws, that if the velocity with which a planet 
moves at any point of its orbit be given, and also the 
distance of that point from the sun, the major axis of the 
orbit is thereby also given. It is no matter in what 
direction the planet may be moving at that moment. This 
will influence the eccentricity and the position of iti 
ellipse, but not its length. This property of elliptic 
motion has been demonstrated by Newton, and is one of 
the most obvious and elementary conclusions from his 
theory. Let us now consider a planet describing an in- 
definitely small arc of its orbit about the sun, under the 
joint influence of its attraction, and the disturbing power 
of another planet. This arc will have some certain cur- 
vature and direction, and, therefore, may be considered 
as an arc of a certain ellipse described about the sun as 
a focus, for this plain reason — ^that whatever be the 
curvature and direction of the arc in question, an ellipse 
may always be assigned, whose focus shall be in the sun, 
and which shall coincide with it throughout the whole 



CIIAF. XI.3 PERHANENCX OF THS MAJOR AXES. 387 

interval (sapposed indefinitely small) between its extreme 
points. This is a matter of pure geometry. It does not 
follow, however, that the ellipse thus instantaneously 
determined will have the same elements as that similarly 
determined from the arc described in either the previous 
or the subsequent instant. If the disturbing force did not 
exist, this would be the case ; but, by its action, a vari- 
ation of the elements from instant to instant is produced, 
and the ellipse so determined is in a continual state of 
change. Now, when the planet has reached the end of 
the small arc under consideration, the question whether 
it will in the next instant describe an arc of an ellipse 
having the same or a varied axis will depend, not on the 
new direction impressed upon it by the acting forces-— 
for the axis, as we have seen, is independent of that 
direction — not on its change of distance from the sun, 
while describing the former arc — for the elements of 
that arc are accommodated to it, so that one and the same 
axis must belong to its beginning and its end. The 
question, in short, whether in the next arc it shall take 
up a new major axis, or go on with the old one, will de- 
pend solely on this — whether the velocity has undergone, 
by the action of the disturbing force, a change incom- 
patible with the continuance of the same axis. We say 
by the action of the disturbing force, because the central 
force residing in the focus can impress on it no such 
change of velocity as to be incompatible with the per- 
manence of any ellipse. in which it may at any instant be 
freely moving about that focus. 

(566.) Thus we see that the momentary variation of 
the major axis depends on nothing but the momentary 
deviation from the law of elliptic velocity produced by 
the disturbing force, without the least regard to the 
direction in which that extraneous velocity is impressed, 
or the distance from the sun at which the planet may be 
situated in consequence of the variation of the other 
elements of its orbit. And as this is the case at every 
instant of its motion, it will follow that, after the lapse 
of any time, however great, the amount of change which 
the axis may have undergone will be determined by the 
total deviation from the original elliptic velocity produced 
by the disturbing force i without any regard to alteratious 
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which the action of that force may have produced in the 
other elements, except in so far as the velocity may he 
theieby modified. This is the point at which the exact 
estimation of the effect must be intrusted to the calcu- 
lations of the geometer. We shall be at no loss, how- 
ever, to perceive that these calculations can only ter- 
minate in demonstrating the periodic nature and ultimate 
compensation of all the variations of the axis which can 
thus arise, when we consider that the circulation of two 
planets about the sun, in the same direction and in in- 
commensurable periods, cannot fail to ensure their pre 
sentation to each other in every state of approach and 
recess, and under every variety as to their mutual dis- 
tance and the consequent intensity of their mutual action. 
Whatever velocity, then, may be generated in one by the 
disturbing action of the other, in one situation, will in- 
fallibly be destroyed by it in another, by the mere effect 
of change of configuration. 

(567.) It appears, then, that the variations m the 
major axes of the planetary orbits depend entirely on 
cycles of configuration, like the great inequality of Ju- 
piter and Saturn, or the long inequality of the Earth and 
Venus above explained, which, indeea, may be reg:arded 
as due to such periodic variations of their axes. In fact, 
the mode in which we have seen tliose inequalities arise, 
from the accumulation of imperfectly compensated actions 
of the tangential force, brings them directly under the 
above reasoning : since the efficacy of this force falls 
almost wholly upon the velocity of the disturbed planet, 
whose motion is always nearly coincident with or op- 
posite to its direction. 

(568.) Let us now consider the effect of perturbation 
in altering the eccentricity and the situation of the ajds 
of the disturbed orbit in its own plane. Such a change 
oT position (as we have observed in art. 318) actually 
takes place, although very slowly, in the axis of the 
earth's orbit, and much more rapidly in that of the 
moon's (art. 360) ; and these movements we are now to 
account for. 

(569.) The motion of the apsides of the lunar and 
planetary orbits may be illustrated by a very pretty me- 
chanical experiment, which is otlierwise instructive in 
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giving an idea of the mode in which orbituaLmotiim is 
carried on under the action of central forces variable ac- 
cording to the situation of the revolving body. Let a 
leaden weight be suspended by a brass or iron wire to a 
hook in the under side of a firm beam, so as to allow of 
its free motion on all sides of the vertical, and so that 
when in a state of rest it shall jnst clear the floor of the 
room, or a table placed ten or twelve feet beneath the 
hook. The point of support should be well secured 
from wagging to and fro by the oscillation of the weight, 
which should be sufficient to keep the wire as tightly 
stretched as it will bear, with the certainty of not break- 
ing. Now, let a very small motion be communicated to 
the weight, not by merely withdrawing it from the ver- 
tical and letting it fall, but by giving it a slight impulse 
sideways. It will be seen to describe a regular ellipse 
about the point of rest as its centre. If the weight be 
heavy, and carry attached to it a pencil, whose point lies 
exactly in the direction of the string, the ellipse may be 
transferred to paper lightly stretched and gently pressed 
against it. In these circumstances, the situation of the 
major and minor axes of the ellipse will remain for a 
long time very nearly the same, though the resistance of 
the air and the stiffness of the wire will gradually di- 
minish its dimensions and eccentricity. But if the im- 
pulse communicated to the weight be considerable, so as 
to carry it out to a great angle (15° or 20° from the 
vertical), this permanence of situation of the ellipse will 
no longer subsist. Its axis will be seen to shift its 
position at every revolution of the weight, advancing in 
the same direction with the weight's motion, by an uni- 
form and regular progression, which at length will en- 
tirely reverse its situation, bringing the direction of the 
longest excursions to coincide with that in which the 
shortest were previously made ; and so on, round the 
whole circle ; and, in a word, imitating to the eye, very 
completely, the motion of the apsides of the moon's orbit. 
(570.) Now, if we inquire into the cause of this pro- 
gression of the apsides, it will not be difficult of de- 
tection. When a weight is suspended by a wire, and 
drawn aside from the vertical, it is urged to the lowest 

point (or rather in a direction at every instant perpen- 

2 £i3 
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dicular to the wire) by a force which varies as the sine 
of the deviation of the wire from the perpendicular. 
Now, the sines of very small arcs are nearly in the pro- 
portion of the arcs themselves ; and the more nearly, as 
the arcs are smaller. If, therefore, the deviations from 
the vertical are so small that we may neglect the curva- 
ture of the spherical surface in which the weight moves, 
and regard the curve described as coincident with its pro- 
jection on a horizontal plane, it will be then moving 
under the same circumstances as if it were a revolving 
body attracted to a centre by a^ force varying directly as 
tlie distance ; and, in this case, the curve described would 
be an ellipse, having its centre of attraction not in the 
focus, but in the centre,* and the apsides of this ellipse 
would remain fixed. But if the excursions of the weight 
from tlie vertical be considerable, the force urging il 
towards the centre will deviate in its law from the simple 
ratio of the distances ; being as the sine, while the dis- 
tances are as the arc. Now the sine, though it continues 
to increase as the arc increases, yet does not increase so 
fast. So soon as the arc has anv sensible extent, the sine 
begins to fall somewhat short of the magnitude which an 
exact numerical proportionality would require ; and 
therefore the force urging the weight towards its centre 
or point of rest, at great distances falls, in like proportion, 
somewhat short of that which would keep the body in its 
precise elliptic orbit. It will no longer, therefore, have, 
at those greater distances, the same command over the 
weight, in proportion to its speedy which would enable 



it to deflect it from its rectilinear tangential course into n 
ellipse. The true path which it describes will be len 



* Newton, Frincip. L 47. 
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curved in tke remoter parts ^an is eonnsteat with the 
elliptic figtire, as in the annexed cut ;' and, therefore, it 
will not so soon have its motion brought to be again at 
right angles to the radius. It will require a longer con- 
tinued action of the central force to do this ; and before 
it is accomplished, more than a quadrant of its. re volution 
must be passed over in angular motion round the centra. 
But -this is only stating at length, and in a more circuitous 
manner, that fact which is more briefly and summarily 
expressed by saying that the apsides of its orbit are prO' 
gressive. 

(571.) Now, this is what takes place, mutatis mtp- 
tandis, with the lunar and planetary motions. The ac- 
tion of the sun on the moon, for example, as we have 
seen, besides the tangential force, whose effects we are 
not now considering, produces a force in the direction 
of the radius vector, whose law is not that of the earth's 
direct gravity. When compounded, therefore, with the 
earth's attraction, it will deflect the moon into an orbit 
deviating from the elliptic figure, being either too much 
curved, or too little, in its recess from the perigee, to 
bring it to an apogee at exactly 180° from the perigee ; 
—too much, if the compound force thus produced de- 
crease at a slower rate than the inverse square of the 
distance (t. e, be too strong in the remoter distances) ; 
too little, if the joint force decrease faster than gravity, 
or more rapidly than the inverse square, and be therefore 
too weak at the greater distance. In the former case, 
the curvature, being excessive, will bring the moon to 
its apogee sooner than would be the case in an elliptic 
orbit ; in the latter, the curvature is insufficient, and will 

Fi^. 1. Fig, 2. 



therefore bring it later to an apogee. In the former case, 
then, the line of apsides will retrograde ; in the latter, 
advance. (See^g-. 1 and^^. 2.) 

(572.) Both these cases obtaiR in different couflgura;- 
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tions of the sun and moon. In the syzigies, the effect 
of the sun's attraction is to weaken the gravity of the 
earth by a force, whose law of variation, instead of the 
inverse square, follows the direct proportional relation 
of the distance ; while, in the quadratures, the reverse 
takes place — the whole effect of the radial disturbing 
force here conspiring with the earth's gravity, but the 
portion added being still, as in the former case, in the 
direct ratio of the distance. Therefore the motion of 
the moon, in and near the first of these situations, will 
be performed in an ellipse, whose apsides are in a state 
of advance ; and in and near the latter, in a state of re- 
cess. But, as we have already seen (art. 556), the ave- 
rage effect arising from the mutual counteraction of these 
temporary values of the disturbing force gives the pre- 
ponderance to the ablatitious or enfeebling power. On 
the average, then, of a whole revolution, the lunar apo- 
gee will advance. 

(573.) The above reasoning renders a satisfactory 
enough general account of the advance of the lunar apo- 
gee ; but it is not without considerable difficulty that it 
can be applied to detennine numerically the rapidity of 
such advance : nor, when so applied, does it account for 
the whole amount of the movement in question, as as- 
signed by observation — not more, indeed, than about one 
half of it ; the remaining part is produced by the tan- 
gential force. It is evident, that an increase of velocity 
in the moon will have the same effect in diminishing the 
curvature of its orbit as the decrease of central force, 
and vice versa. Now the direct effect of the tangential 
force is to cause a fluctuation of the moon's velocity 
above and below its elliptic value, and therefore an alter- 
nate progress and recess of the apogee. This would 
compensate itself in each synodic revolution, were the 
apogee invariable. But this is not the case ; the apogee 
is kept rapidly advancing by the action of the radial 
force, as above explained. An uncompensated portion 
of the action of the tangential force, therefore, remains 
outstanding (according to the reasoning already so often 
employed in this chapter), and this portion is so distri- 
buted over the orbit as to conspire with the former cause, 
and, in fact, nearly to double its effect This is what is 
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meant by geometers, when they say that this part of the 
motion of the apogee is due to the square of the disturb- 
ing force. The effect of the tangential force in disturb- 
ing the apogee would compensate itself, were it not for 
the motion which the apogee has already had impressed 
upon it by the radial force ; and we hav^ here, therefore, 
disturbance reacting on disturbance. 

(574.) The curious and complicated effect of pertur- 
bation, described in the last article, has given more trou- 
ble to geometers than any other part of the lunar theory. 
Newton himself had succeded in tracing that part of the 
motion of the apogee which is due to the direct action 
of the radial force ; but finding the amount only half 
what observation assigns, he appears to have abandoned 
the subject in despair. Nor, when resumed by his suc- 
cessors, did the inquiry, for a very long period, assume 
a more promising aspect. On the contrary, Newton'sr 
result appeared to be even minutely verified, and the ela- 
borate investigations which were lavished upon the sub- 
ject without success began to excite strong doubts whe- 
ther this feature of the lunar motions could be explained 
at all by the Newtonian law of gravitation. The doubt 
was removed, however, almost in the instant of its ori- 
gin, by the same geometer, Clairaut, who first gave it 
currency, and who gloriously repaired the error of his 
momentary hesitation, by demonstrating the exact coin- 
cidence between theory and observation, when the effect 
of the tangential force is property t^en into the account. 
The lunar apogee circulates, as already stated (art. 360), 
in about nine years. 

f675.) The same cause which gives rise to the dis- 
placement of the line of apsides of the disturbed orbit 
produces a corresponding change in its eccentricity. 
This is cedent on a glance at our figuiies 1 and 2 of 
art. 571. Thus, in fig. 1, since the distui1)ed body, pro- 
ceeding from its lower to its upper apsis, is acted on by 
a force greater than would retain it in an elliptic orbit, 
and tbo much curved, its whole course (as far as it is so 
affected) will lie within the ellipse, as shown by the 
dotted line ; and when it arrives at the upper apsis, its 
distance will be less than in the undistuibed ellipse ; that 
IB to say, the eccentricity of its orbit, as estunated by 
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the comparative distances of the two apsides from the 
focus, will be diminislied, or the orbit rendered more 
nearly circular. The contrary effect will take place in 
die case of fig. 2. There exists, therefore, between the 
momentary shifting of the perihelion of the disturbed 
orbit, and the momentary variation of its eccentricity, 
a relation much of the same kind with that which con- 
nects the change of inclination with the motion of the 
nodes ; and, in fact, the strict geometrical theories of 
the two cases present a close analogy, and lead to final 
results of the very same nature. What the variation of 
eccentricity is to the motion of the perihelion, the change 
of inclination is to the motion of the node. In cither 
case, the period of the one is also the period of the 
other ; and while the perihelia describe considerable an- 
gles by an oscillatory motion to and fro, or circulate in 
immense periods of time round the entire circle, the ec- 
centricities increase and decrease by comparatively small 
changes, and are at length restored to their original mag- 
nitudes. In the lunar orbit, as the rapid rotation of the 
nodes prevents the change of inclination from accumu- 
lating to any material amount, so the still more rapid re- 
volution of its apogee effects a speedy com]>ensation in 
the fluctuations of its eccentricity, and never suffers 
them to go to any material extent ; while the same causes, 
by presenting m quick succession the lunar orbit in every 
possible situation to all the disturbing forces, whether of 
the sun, the planets, or the protuberant matter at the 
earth's equator, prevent any secular accumulation of 
small changes, by which, in the lapse of ages, its ellip- 
ticity might be materially increased or diminished. Ac- 
cordingly, observation shows the mean eccentricity of 
the moon's orbit to be the same now as in the eariiest 
ages of astronomy. 

(576.) The movements of the perihelia, and variations 
of eccentricity of the planetary orbits, are interlaced 
and complicated together in the same manner and neariy 
by the same laws as the variations of their nodes and 
inclinations. Each acts upon every other, and every 
such mutual action generates its own peculiar period of 
compensation ; and every such period, in pursuance of 
the orinciple of art. 520, is thence propagated throughout 
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the system. Thus arises cycles upon cycles, of whose 
compound duration some notion may he formed, when 
we consider what is the length of one such period in the 
case of the two principal planets — ^Jupiter and Saturn. 
Neglecting the action of the rest, the effect of their mu- 
tual attraction would be to produce a variation in the ec- 
centricity of Saturn's orbit, from 0*08400, its maximum^ 
to "0*01345, its minimum value ; while that of Jupiter 
would vary between the narrower limits, 0*06036 and 
0*02606: the greatest eccentricity of Jupiter correspond- 
ing to the least of Saturn, and vice versa. The period 
in which these changes are gone through, would be 70414 
years. After this example, it will be easily conceived 
that many millions of years will require to elapse before 
a complete fulfilment of the joint cycle which shall re- 
store the whole system to its original state as far as the 
eccentricities of its orbits are concerned. 

(577.) The place of the perihelion of a planet's orbit 
is of little consequence to its well-being ; but its eccen- 
tricity is most important, as upon this (the axes of 
the orbits being permanent) depends the mean tempera- 
ture of its surface, and the extreme variations to which 
its seasons may be liable. For it may be easily shown 
that the m,ean annual amount of light and heat received 
by a planet from the sun is, caeteris paribus, as the minor 
axis of the ellipse described by it.* Any variation, 
therefore, in the eccentricity by changing the minor axis, 
will alter the mean temperature of the surface. How 
such a change will also influence the extremes of tempe- 
rature appears from art. 315. Now, it may naturally be 
inquired whether, in the vast cycle above spoken of, in 
which, at some period or other, conspiring changes may 
accumulate on Uie orbit of one planet from several 
quarters, it may not happen that the eccentricity of any 
one planet — as the earth — may become exorbitantly 
great, so as to subvert those relations which render it 
habitable to man, or to give rise to great changes, at least, 
in the physical comfort of his state. To this the re 
searches of geometers have enabled us to answer in the 
negative. A relation has been demonstrated by Lagrange 

* " On the Astraoonucal Caoses which mfty influence Geological Pbo- 
nomeoa."— Gfm^. IVoM. 1838. ' 
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between the masses, axes of the orbits, and eccentrici- 
ties of each planet, similar to what we have already stated 
with respect to their inclinations, viz. that if the niasi 
of each planet be multiplied by the square root of iht 
axis of its orbits and the product by the square of its 
eccentricity, the sum of all such products throughout 
the system is invariable ; and as, in point of fact, this 
sum is extremely small, so it will always remain. Now, 
since the axis of the orbits are liable to no secular changes, 
this is equivalent to saying that no one orbit shall in- 
crease its eccentricity, unless at the expense of a com- 
mon fund, the whole amount of which is, and must for 
ever remain, extremely minute.* 

(578.) We have hinted, in our last art. but one, at 
perturbations produced in the lunar orbit by the protu- 
berant matter of the earth's equator. The attraction of 
a sphere is the same as if all its matter were condendeJ 
into a point in its centre ; but that is not the case with 
a spheroid. The attraction of such a mass is neither 
exactly directed to its centre, nor does it exactly follow 
the law of the inverse squares of the distances. Heuce 
will arise a series of perturbations, extremely smali in 
amount, but still perceptible, in the lunar motions ; by 
which the node and the apogee will be alTectcd. A more 
remarkable consequence of this cause, however, is a small 
nutation of the lunar orbit, exactly analogous to tliat which 
the moon causes in the plane of the eartli's equator, by its 
action on the same elliptic protuberance. And, in gene- 
ral, it may be observed, that in the systems of planets 
which have satellites, the elliptic figure of the primary 
has a tendency to bring the orbits of the satellites to co- 
incide with its equator, — a tendency which, though small 
in the case of the earth, yet in that of Jupiter, whose el- 
lipticity is very considerable, and of Saturn especially, 
where the ellipticity of the body is reinforced by the at- 
traction of the rings, becomes predominant over every 
external and internal cause of disturbance, and produce! 

* There is nothing in this relation, however, taken per ae, to aeeun 
the smaller plancla — Mercury. MarB. Juno, Ceres, &c. — ^iroiii a catca- 
tTO|»he, could ihoy accumulate on fhemselves, or any one of them, the 
whole amount of this ecceniricifyfund. But that can never be : Jupiter 
and Siiturn will always retain the lion's share of it A similar remark 
applies to the indinatim fund of art 515. These/Mml*, he it observed 
can never get into debt Every term of them ia eawntially pontive. 
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and' maintains an almost exact coincidence of the planes 
in question. Such, at least, is the ease with the nearer 
satellites. The more distant are comparatively less af- 
fected by this cause, the difference of attractions between 
a sphere and spheroid diminishing with ^^eat rapidity as 
the distance increases. Thus, while the orbits of all the 
six interior satellites- of Saturn lie almost exactly in the 
plane of the ring and equator of the planet, that of the 
external satellite, whose distance from Saturn is between 
sixty and seventy diameters of the planet, is inclined to 
that plane considerably. On the other hand, this con- 
siderable distance, while it permits the satellite to retain 
its actual inclination, prevents (by parity of reasoning) 
the ring and equator of the planet from being perceptibly 
disturbed by its attraction, or. being subjected to any ap- 
preciable movements analogous to our nutation and pre- 
cession. If such exist, they must be much slower than 
those of the earth ; the mass of this satellite (though the 
largest of its system) being, as far as can be judged by its 
apparent size, a much smaller fraction of that of Saturn 
than the moon is of the earth ; while the solar preces- 
sion, by reason of the immense distance of the sun, must 
be quite inappreciable. 

(579.) It is by means of the perturbations of the 
planets, as ascertained by observation, and compared 
with theory, that we arrive at a knowledge of the masses 
of those planets, which, having no satellites, offer no 
other hold upon them for this purpose. Every planet 
produces an amount of perturbation in the motions of 
every other, proportioned to its mass, and to the degree 
of advantage or purchaise which its situation in the sys- 
tem gives it over their movements. The latter is a sub- 
ject of exact calculation ; the former Is unknown, other- 
wise than by observation of its effects. In the determina- 
tion, however, of the masses of the planets by this means, 
theory lends the greatest assistance to observation, by 
pointing out the combinations most favourable for elicit- 
ing this knowledge from the confused mass of superposed 
inequalities which affect every observed place of a planet; 
by pointing out the laws of each inequality in its period- 
ical rise and decay ; and by showing how every parti- 

2P 
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cular inequality depends for its magnitude on the msM 
producing it. It is thus that the mass of Jupiter itself 
(employed by Laplace in his investigations, and inter- 
woven with all the planetary tables) has of late been as- 
certained, by observations of the derangements produced 
by it in the motions of the ultra'^zodiacal planets, to have 
been insufficiently determined, or rather considerably 
mistaken, by relying too much on observations of ite sa- 
tellites, made long ago by Pound and others, with in- 
adequate instrumental means. The same conclusion hai 
been arrived at, and nearly the same mass obtained, by 
means of the perturbations produced by Jupiter on 
Encke's comet. The error was one of great importance; 
the mass of Jupiter being by far the most influential ele- 
ment in the planetary system, after tliat of the sun. It 
is satisfactory, then, to have ascertained-->as by his ob- 
servations Professor Airy is understood to have recently 
done — the cause of the error ; to have traced it up to its 
source, in insufficient micrometric measurements of the 
greatest elongations of the satellites ; and to have found 
it disappear when measures taken witli more care, and 
with infinitely superior instruments, are substituted foi 
those before employed. 

(580.) In the same way that the perturbations of the 
planets lead us to a knowledge of their masses, as com- 
pared with that of the sun, so the perturbations of the 
satellites of Jupiter have led, and those of Saturn's at- 
tendants will, no doubt, hereafter lead, to a knowledge 
of the proportion their masses bear to their respective 
primaries. The system of Jupiter's satellites has been 
elaborately treated by Laplace ; and it is from his theoijt 
compared with innumerable observations of their eclipieit 
that the masses assigned to them in art. 463 have been 
fixed. Few results of theory are more surprising, than 
to see these minute atoms weighed in the same balance 
which we have applied to the ponderous mass of the 
sun, which exceeds tlie least of them in the enonnoos 
proportion of 65000000 to 1. 
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CHAPTER Xn. 

OF SIDEREAL ASTRONOKT. 

CM the Stan generally— Their Distribation into Clasns wccmding to 0Mir 
apparent Afegnitudee — Tbeir Distribution over the Heaven-— Of tiie 
Milky Way — Annual Parallax — ^Real Distances, probable Dimea- 
aions, and Nature of the Stars — ^Variable Stars— Temporary Stars — 
Of double Stus— Their Revolution about each Other in elUptic Orhiti 
— Extension of the Law of Gravity to such Systems — Of coloured 
Stars — Proper Motion of the Sun and Stars — Svstem .tic Aberratiaii 
and Parallax — Of compound sidereal Systems — Clusters of Stars— Of 
Nebul»— Nebulous Stars — ^Annular aivl planetaiy Nebuls — ^Zodiacal 
Light 

(581.) Besides the bodies we have described in the 
foregoing chapters, the heavens present us with an in- 
numerable multitude of other objects, which are called 
generally by the name of stars. Though comprehendin|r 
individuals differing* from each other, not merely in 
brightness, but in many other essential points, they ali 
agree in one attribute'— a high degree of permanence as 
to apparent relative sitnatioa. This has procured them 
the title of ^* fixed stars ;" an expression which is to be 
understood in a comparative and not in an absolute sense, 
it being certain that many, and probaMe that all are in a 
state of motion, although too slow to be perceptible un- 
less by means o£ very delicate observations, continued 
during a long series of years. 

(582.) Astronomers are in the habit of distinguishing 
the stars into classes, according to their apparent bright- 
ness. These are termed magnitudes. The brightest 
stars are said to be of the first magnitude ; those which fall 
80 far short of the first degree of brightness as to make a 
marked distinction are classed into the second, and so on 
down to the sixth or seventh, which comprise the small- 
est stars visible to the naked eye, in the clearest and dark- 
est night. Beyond these, however, telescopes continue 
the range of visibility, and magnitudes from the 8th down 
to the 16th are familiar to those who are in the practice 
of using powerful instruments ; nor does there seem the 
least reason to assign a limit to this progression ; every 
tiicrease in the dimensions and power of instruments, 
which successive improvements in optical science have 
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attained, having brought into view m^iltitudes innumerable 
of objects invisible before ; so that, for any tiling expe- 
rience has hitherto taught us, the number of the stars 
may be really infinite, in the only sense in which we can 
assign a meaning to the word. 

(583.) This classification into magnitudes, however, 
it must be observed, is entirely arbitrary. Of a multitude 
of bright objects, dlfifering probably, intrinsically, both in 
size and in splendour, and arranged at unequal distances 
from us, one must of necessity appear the brightest, one 
next below it, and so on. An order of succession (rela- 
tive, of course, to our local situation among them) must 
exist, and it is a matter of absolute indifference, where, 
in that infinite progression downwards, from the one 
brightest to the invisible, we choose to draw our lines of 
demarcation. All this is a matter of pure convention. 
Usage, however, has established such a convention, and 
though it is impossible to determine exactly, or a prioriy 
where one magnitude ends and the next begins, and al- 
though different observers have differed in their magni- 
tudes, yet, on the whole, astronomers have restricted 
their first magnitude to about 15 or 20 principal stars; 
their second to 50 or 60 next inferior ; their third to 
about 200 yet smaller, and so on ; the numbers increas- 
ing very rapidly as we descend in the scale of brightness, 
the whole number of stars already registered down to the 
seventh magnitude, inclusive, amounting to 15000 or 
20000. 

(584.) As we do not see the actual disc of a star, bat 
j^dge only of its brightness by the total impression made 
upofi the eye, the apparent *♦ magnitude" of any star 
will, it is evident, depend, 1st, on the star's distance from 
us ; 2d, on the absolute magnitude of its illuminated sur- 
face ; 3d, on the intrinsic brightness of that surface. NoWf 
as we know nothing, or next to nothing, of any of these 
data, and have every reason for believing that each of 
them may differ in different individuals, in the proportion 
of many millions to one, it is clear that we are not to 
expect much satisfaction in any conclusions we may draw 
from numerical statements of the number of individuals 
arranged in our artificial classes. In fact, astronomers 
have not yet agreed upon any principle by which th« 
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mSignitiHles taay be photometrically arranged, though & 
leaning towards a geometrical progression, of which each 
term is the half of the preceding, may be discerned.* 
Nevertheless, it were much to be wished, that, setting 
aside all such arbitrary subdivisions, a numerical estimate 
should be formed, grounded on precise photometrical ex* 
periments, of the apparent brightness of each star. This 
would afford a definite character in natural history, and 
serve as a term of comparison to ascertain the changes 
which may take place in them ; changes which we know 
to happen in several, and may therefore fairly presume 
to be possible in all. Meanwhile, as a first approxima- 
tion, the following proportions of light, concluded from 
Sir William Herschel'sf experimental comparisons of a 
few selected stars, may be borne in mind : — 

Light of a star of the average Ist magnitude «= 100 

2d rs 25 

dd « 12? 

4th « 6 

5th = 2 

6th = 1 

By my own experiments, I have found that the light of 
Sirius (the brightest of all the fixed stars] is about 324 
times that of an average star of the 6th magnitude.f 

(585.) If the comparison of the apparent magnitudes 
of the stars with their numbers leads to no definite con- 
clusion, it is otherwise when we view them in connexion 
with their local distribution over the heavens. If indeed 
we confine ourselves to the three or four brightest classes, 
we shall find them distributed with tolerable impartiality 
over the sphere ; but if we take in the whole amount 
visible to the naked eye, we shall perceive a great and 
rapid increase of number as we approach the borders of 
the milky way. And when we come to telescopic mag- 
nitudes, we find them crowded beyond imagination, along 
the extent of that circle, and of the branch which it 
sends ofif from it ; so (art. 253) that in fact its whole light 
is composed of nothing but stars, whose average magni- 
tude may be stated at about the tenth or eleventh. 

(586.) These phenomena agree with the supposition 

* Struve. Dorpat CatmL of Double Stan, a zxzv. 

t PhiL Tr. 1817. t Tram. AstraiLSoc. iii 183 

2F2 
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that the stars of our firmament, instead of being scattered 
in all directions indifferently through space, form a sira* 
tum, of which the thickness is smaU, in comparison with 
its length and breadth ; and in which the earth occupies 
a place somewhere about the middle of its thickness, and 
near the point where it subdivides into two principal 
laminae, inclined at a small ^agle to each other. For 
it is certain that, to an eye so situated, the apparent den- 
sity of the stars, supposing them pretty equally scat- 
tered through the space they occupy, would be least in 
a direction of the visual ray (as SA) perpendicular to 
the lamina, and greatest in that of its breadth, as SB, SC, 
SD ; increasing rapidly in passing from one to the other 
direction, just as we see a slight haze in the atmosphere 
thickening into a decided fog bank near the horizon, by 
the rapid increase of the mere length of the visual raj. 
Accordingly, such is the view of the construction of the 
starry firmament taken by Sir William Herschel, whose 
powerful telescopes have effected a complete analysis of 




this wonderful zone, and demonstrated the fact of its entire- 
ly consisting of stars. So crowded are they in some parts 
of it, that by counting the stars in a single field of his tele- 
scope, he was led to conclude that 50000 had passed under 
his review in a zone two degrees in breadth, during a sin- 
gle hour's observation. The immense distances at which 
file remoter regions must be situated will* sufliciently ac- 
count for the vast predominance of small magnitudes 
which are observed in it. 

(587.) When we speak of the comparative 'remote- 
ness of certain regions of the starry heavens beyond 
others, and of our own situation in them, the question 
immediately arises. What is the distance of the nearest 
fixed star? What is the scale on which our visible fir^ 
mament is constructed ? And what proportion do its di- 
mensions bear to those of our own immediate system ? 
To this, however, astronomy has hitherto proved unable 
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to supply an answer. All we know on die tobieel is ne- 
gative. We have attained, by delicate obsenrations and 
. refined combinations of theoretical reasoning, to a correct 
estimate, first, of the dimensions of the earth ; then, 
taking that as a base, to a knowledge of those of its orbit 
about the sun ; and again, by taking our stand, as it were, 
on the opposite borders of the circumference of this orbit, 
we have extended our measurements to the extreme verge 
of our own system, and by the aid of what we know of 
the excursions of comets, have felt our way, as it were, 
a step or two beyond the orbit of the remotest known 
planet. But between that remotest orb and the nearest 
star there is a gulf fixed, to whose extent no observa- 
tions yet made have enabled us to assign any distinct 
approximation, or to name any distance, however ioi- 
mense, which it may not, for any thing we can tell, sur- 
pass. 

(588.) The diameter of the earth has served us as the 
base of a triangle, in the trigonometrical survey of our 
system (art. 226), by which to calculate the distance of 
the sun : but the extreme minuteness of the sun's paral- 
lax (art. 304) renders the calculation from this *' ill- 
conditioned" triangle (art. 227) so delicate, that nothing 
but the fortunate combination of favourable circumstances, 
afforded by the transits of Venus (art. 409) could ren- 
der its results even tolerably worthy of reliance. But 
the earth's diameter is too small a base for direct triangu- 
lation to the verge even of our own system (art. 449), 
and we are, therefore, obliged to substitute the annual pa- 
rallax for the diurnal, or, which comes to the same thing, 
to ground our calculation on the relative velocities of the 
earth and planets in their orbits (art. 414), when we 
would push our triangulation to that extent. It might be 
naturally enough expected, that by this enlargement of 
our base to the vast diameter of the earth's orbit, the 
next step in our survey (art. 227) would be made at a 
great advantage ; — that our change of station, from side 
to side of it, would produce a perceptible and measurable 
amount of annual parallax in the stars, and that by its 
means we should come to a knowledge of their distance. 
But, after exhausting every refinement of observation, as- 
tronomers have been unable to come to any positive and 
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coineident conclusion upon this h^ad ; and it seems, 
therefore, demonstrated, that the amount of such paral- 
lax, even for the nearest fixed star which has hithprto 
been examined with the requisite attention, remains still 
mixed up with, and concealed amon^, the errors inci- 
dental to all astronomical determinations. Now, such is 
the nicety to which these have been carried, that did the 
quantity in question amount to a single second (i, e. did 
the radius of the earth's orbit subtend at the nearest fixed 
star that minute angle), it could not possibly have escaped 
detection and universal recognition. 

(589.) Radius is to the sine of 1", in round numbers, as 
200000 to 1. In this proportion, then, a/ leant must the 
distance of the fixed stars from the sun exceed that of 
the sun from the earth. The latter distance, as we hare 
already seen, exceeds the earth's radius in the proportion 
of 24000 to 1 ; and, lastly, to descend to ordinary stand- 
ards, the earth's radius is 4000 of our miles, 'i'he dis- 
tance of the stars, then, cannot be so small 9iS 4800000000 
radii of the earth, or 19200000000000 miles ! How much 
larger it may be, we know not. 

(590.) In such numbers, the imagination is lost. The 
only mode we have of conceiving such intervals at all u 
by the time which it would require for light to traverse 
them. Now light, as we know, travels at the rate of 192000 
miles per second. It would, therefore, occupy 100000000 
seconds, or upwards of three years, in such a journey, 
at the very lowest estimate. What, then, are we to 
allow for the distance of those innumerable stars of 
the smaller magnitude which the telescope discloses to 
us ! If we admit the light of a star of each magnitude 
to be half that of the magnitude next above it, it will 
follow that a star of the first magnitude will require to be 
removed to 362 times its distance to appear no larger 
than one of the sixteenth. It follows, therefore, that 
among the countless multitude of such stars, visible in 
telescopes, there must be many whose light has taken at 
least a thousand years to reach us ; and that when we 
observe their places, and note their changes, we are, in 
fact, reading only their history of a thousand years' date» 
thus wonderfully recorded. We cannot escape this con- 
clusion, but by adopting as an alternative an intrinsie 
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inferiority of light in all the smaller stars of the milky way. 
We shall be better able to estimate the probability of this 
alteraatiye, when we have made acquaintance with other 
sidereal systems, whose existence the telescope discloses 
to us, and whose analogy will satisfy us that the view of 
the subject we have taken above is in perfect harmony 
with the general tenor of astronomical facts. 

(591.) Quitting, however, the region of speculation, and 
confining ourselves within certain limits which we are sure 
are less than the truth, let us employ the negative know- 
ledge we liave obtained respecting the distances of the 
stars to form some conformable estimate of tlieir real 
magnitudes. Of this, telescopes afford us no direct 
information. The discs which good telescopes show us 
of the stars are not real, but spurious — a mere optical 
illusion.* Their light, therefore, must be our ^^nly 
guide. Now Dr. Wollaston, by direct photometrical 
experiments, open, as it would seem, to no objections,! 
has ascertained the light of Sirius, as received by us, to 
be to that of the sun as 1 to 20000000000. The sun, 
therefore, in order that it should appear to us no brighter 
than Sirius, would require to be removed to 141400 times 
its actual distance. We have seen, however, that the dis- 
tance of Sirius cannot be so small as 200000 times that of 
the sun. Hence it follows, that, upon the lowest possible 
computation, the light really thrown out by Sirius cannot 
be so little as double that emitted by the sun ; or that 
Sirius must, in point of intrinsic splendour, be at least 
equal to two suns, and is in all probability vastly greater.^ 

(592.) Now, for what purpose are we to suppose such 
magnificent bodies scattered through the abyss of space ? 
Surely not to illuminate our nights, which an additional 
moon of the thousandth part of the size of our own 
would do much better, nor to sparkle as a pageant void 
of meaning and i^ality, and bewilder us among vain 
conjectures. Useful, it is true, they are to man as points 
of exact and permanent reference ; but he must have 
studied astronomy to little purpose, who can suppose 

* See Coh. Cyc. Optics. t PhiL Trer*. 1829. p. 24- 

t Dr. Wollaaiun, awuraing, as we think be w perfectly juatfieA in 'fo- 
tJ)^, a ranch lower limit ofptutgibU ^rallai inSiniui tftan we have ui'*^ 
edin t^ie text, has ooucluded the intriiMC y^ of fSuim to be neuif 
that of ibaneen sunt 
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man to ht the only object of his Creator's care, or who 
does not see in the vast and wonderful apparatus around us 
provision for other races of animated beings. The planets, 
as we have seen, derive their light from the sun ; but that 
cannot be the case with the stars. These, doubtless, then, 
are themselves suns, and may, perhaps, each in its sphere, 
be the presiding centre round which other planets, or bo- 
dies of which we can form no conception from any ana- 
logy offered by our own system, may be circukting. 

(593.) Analogies, however, more than conjectural, are 
not wanting to indicate a correspondence between the 
dynamical laws which prevail in the remote regions of 
the stars and those which govern the motions of our own 
system. Wherever we can trace the law of periodicity— 
the regular recurrence of the same phenomena in the 
same times — we are strongly impressed with the idea of 
rotatory or orbitual motion. Among the stars are se- 
veral which, though no way distinguishable from others 
by any apparent change of place, nor by any differencf 
of appearance in telescopes, yet undergo a regular period- 
ical increase and diminution of lustre, involving, in one 
or two cases, a complete extinction and revival. These 
are called periodical stars. One of the most remarkable 
is the star Omicron, in the constellation Cetus, first Wh 
ticed by Fabricius in 1596. It appears about twelve limes 
in eleven years—or, more exactly, in a period of 334 
days ; remains at its greatest brightness about a fortr 
night, being then, on some occasions, equal to a large 
star of the second magnitude ; decreases during about 
three months, till it becomes completely invisible, in 
which state it remains during about five months, when 
it again becomes visible, and continues increasing during 
the remaining three months of its period. Such is the 
general course of its phases. It does not always, how- 
ever, return to the same dfegree of tJrightness, nor Wr 
crease and diminish by the same gradations. Hevelius, 
indeed, relates (Lalande, art. 794) that during the four 
years between October, 1672, and December, 1676, rt 
did not appear at all. 

(591.) Another very remarkable periodical star is that 
called Algol, or )3 Persei. It is usually visible as a star 
of the second magnitude, and such it eontinuea for tha 



CHAP* Xn« J ffUUOpiCAL STABS. Wf 

space of 2'. 14^ when it suddenly begins to diminish in 
splendour, and in about 3i hours is reduced to the fourth, 
magnitude. It then begins again to increase, and in 3| 
hours more is restored to its usual brightness, going 
through all its changes in 2*^ 20*" 48"*, or thereabouts. 
This remarkable law of variation certainly appears 
strongly to suggest the revolution round it of some opake 
body, which, when interposed between us and Algol, 
cuts off a large portion of its light ; and this is accord- 
ingly the view taken of the matter by Goodricke, to 
whom we owe the discovery of this remarkable fact,* in 
the year 1782 ; since which time the same phenomena 
have continued to be observed, though with much less 
diligence than their high interest would appear to merit. 
Taken any how, it is an indication of a high degree of 
activifyj in regions where, but for such evidences, w^ 
might conclude all lifeless. Our own sun requires nine 
times this period to perform a revolution on its own axis. 
On the other hand, the periodic time of an opake re- 
volving body, sufficiently large, which should produce a 
similar temporary obscuration of the sun, seen from a 
fixed star, would be less than fourteen hours. 

(595.) The following list exhibits specimens of pe- 
riodical stars of every variety of period, so far as they can 
be considered to be at present ascertained : — 



Star's Name. 



d Persei 

i Cephei 
3 Lyre 
r Antinoi 

* Herculis 

* Serpentis 
RA. 15b 4im 
PD. 740 15' 

Ceti 
X Cyffiil 
367 B t Hydra 
34 Fl. Cvf ni 
49U M. LeoniB 
X Sagittarii 
^ Leonis 



Period. 



D. H. M. 

2 SO 48 



6 9 

7 4 
60 6 



Variation of 
Magnitude. 



8 to 4 



8 37 3.4 — 5 
3 ~ 4.5 
15 1 3.4 — 4.5 



I a.» — - 
3 — 



180 

334 ^--^— 
396 31 

494 

18 yean 
Many yeara 
Ditto 
Ditto 



77—0 



3 
6 
4 
6 
7 
3 
6 



- 

- II 

- 10 

- 

- 

- S 
-0 



Diaooverera. 



( Goodricke. I789L 
/ Paliizcii, ]Tb3. 
Ooodricke. 1784- 
Goodrtcke. ITM. 
Pigoti. 17^4 
HerKbel. 1796. 

Harding. 1696. 

, Fabrieiuf. 15001 
' Kirch. 16P7. 
I MaraMi. 1704. 
i Janaon. WK. 

K«<li.]7»3L 
t llaliey. 167i^ 

Montaaari. MiT. 



* See note on page 358. 

t These letters & FL and M. refer to Oe -Cattlegiiei of Bode. FUn* 
steed, and Mayer 
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The variations of these stars, however, appear to be 
affected, perhaps in duration of period, but certainly in 
extent of change, by physical causes at present unknown. 
The non-appearance of « Ceti, during four years, has al- 
ready been noticed ; and to this instance we may add 
that of X Cygni, which is stated by Cassini to have been 
scarcely visible throughout the years 1699, 1700, and 
1701, at those times when it ought to have been most 
conspicuous. 

(596.) These irregularities prepare us for other phe- 
nomena of stellar variation, which have hitherto been re- 
duced to no law of periodicity, and must be looked upon, 
in relation to our ignorance and inexperience, as alto- ' 
gether casual ; or, if periodic, of periods too long to have 
occurred more than once within the limits of recorded 
observation. The phenomena we allude to are those of 
temporary stars, which have appeared, from time to time, 
in different parts of the heavens, blazing forth with ex- 
traordinary lustre ; and after remaining a while appa- 
rently immoveable, have died away, and left no trace. 
Such is the star which, suddenly appearing in the year 
125 B. C, is said to have attracted the attention of Hip- 
parchus, and led him to draw up a catalogue of stars, 
the earliest on record. Such, too, was the star which 
blazed forth, A. D. 389, near * Aquilae, remaining for 
three weeks as bright as Venus, and disappearing entire- 
ly. In the years 945, 1264, and 1572, brilliant stars 
appeared in the region of the heavens between Cepheus 
and Cassiopeia ; and, from the imperfect account we have 
of the places of the two earlier, as compared with that of 
the last, which was well determined, as well as from the 
tolerably near coincidence of the intervals of their appear- 
ance, we may suspect them to be one and the same star, 
with a period of about 300, or, as Goodricke supposes, 

* The same discovery appears to have been made nearly about the 
same time by Palitzch, a farmer of Prolitz, near Dresden — a peaauit by 
station, on astronomer by nature — who, from his ^miliar acquainttim 
with the aspect of the heavens, had been led to notice aimmg fO many 
thousand stars this one as di$itinguished from the rest by its variation, ana 
had ascertained its period. The same Palitzch was also the first to re- 
discover the predicted comet of Halley in 1759, which he saw nearly a 
month before any of the astronomers, who, armed wiUi their telescopes, 
were anxiously watching its return. These anecdotes carry us back •• 
the era of the Chaldean shepherds. 
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of 150 years. The appearance of the star of 1672 was 
so sudden, that Tycho Brahe, a celebrated Danish astro- 
nomer, returning one evening (the 11th of November) 
from his laboratory to his dwelling-house, was surprised 
to find a group of country people gazing at a star, which 
he was sure did not exist half an hour before. This 
was the star in question. It was then as bright as 
Sirius, and continued to increase till it surpassed Jupiter 
when brightest, and was Visible at mid-day. It began 
to diminish in December of the same year, and in March, 
1574, had entirely disappeared. So, also, on the 10th 
of October, 1604, a star of this kind, and not less bril- 
liant, burst forth in the constellation of Serpentarius, 
which continued visible till October, 1605. 

(597.) Similar phenoniena, though of a less splendid 
character, have taken place more recently, as in the case 
of the star of the third magnitude discovered in 1670, by 
Anthelm, in the head of the Swan ; which, after becom- 
ing completely invisible, reappeared, and after under- 
going one or two singular fluctuations of light, during 
two years, at last died away entirely, and has not since 
been seen. On a careful re-examination of the heavens, 
too, and a comparison of catalogues, many stars are now 
found to be missing ; and although there is no doubt that 
these losses have often aris*^!* from mistaken entries, yet 
in many instances it is eqflally certain that there is no 
mistake in the observation or entry, and that the star has 
really been observed, and as really has disappeared from 
the heavens.* This is a branch of practical astronomy 
which has been top little followed up, and it is precisely 
that in which amateurs of the science, provided with 
only good eyes, or moderate instruments, might employ 
their time to excellent advantage.! It holds out a sure 
promise of rich discovery, and is one in which astrono- 

* The star 42 Virginis is inserted m the Catalogue of the Asmmomicai 
Society from Zach's 2iudiacal Catalogue. I miffied it on the 9th of May, 
1828, and have since repeatedly had its place in tlie field of view of my 
90 feet refle«-tor, without perceiving it, unless it be one of two equal slais 
of the 9ih magnitude, very nearly in the place it must have ocicnpic<L-~ 
Authftr. 

t " Ces variations des etoiles sont bien dignes de TattentioD devohserr- 
Bteura curieux . . . Un y>ur viendra. peut-^tre, on les sciences auront ■»- 
sez d'amateurs pour qu'on puisse suffire a oea UeUuia." — Lakutdtt st 
824. — Surely that day is now arrived. 

2G 
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mere in established observatories are almost of necessity 
precluded from taking a part by the nature of the ob- 
servations required. Catalogues of the comparative 
brightness of the stars in each constellation have been 
constructed by Sir Wm. Herschel, with the ex]!>ress ob- 
ject of facilitating these researches, and the reader will 
find them, and a full account of his method of compari- 
son, in the Phil. Trans. 1796, rwid subsequent years. 

(598.) We come now to a Class of phenomena of quite 
a different character, and which give us a real and. posi- 
tive insight into the nature of at least some among the 
stars, and enable us unhesitatingly to declare them subject 
to the same dynamical laws, and obedient to the same 
power of gravitation, which governs our own system. 
Many of the stars, when examined with telescopes, are 
found to be double, t. e. to consist of two (in some cases 
three) individuals placed near together. This might be 
attributed to accidental proximity, did it occur only in t 
few instances ; but the frequency of this companionship, 
the extreme closeness, and, in many cases, the near equal- 
ity of the stars so conjoined, would alone lead to a strong 
suspicion of a more near and intimate relation than mere 
casual juxtaposition. The bright star Castor, for exam- 
ple, when much magnified, is found to consist of two 
stars of between the third a#^r fourth magnitude, witliin 
5" of each other. Stars of this magnitude, however, 
are not so common in the heavens as to render it at all 
likely that, if scattered at random, any two would fall so 
near. But this is only one out of numerous such in- 
stances. Sir Wm. Herschel has enumerated upwards of 
500 double stars, in which the individuals are within half 
a minute of each other ; and to this list Professor Struve 
of Dorpat, prosecuting the inquiry by the aid of instru- 
ments more conveniently mounted for the purpose, has 
recently added nearly five times that ndmber. Other ob- 
servers have still further extended the catalogue, already 
so large, without exhausting the fertility of the heavens. 
Among these are great numbers in which the interval be- 
tween the centres of the individuals is less than a single 
second, of which i Arietis, Atlas Pleiadum, y Corons, » 
Coronae, « and ^ Herculis, and t and x Ophiuchi, may be 
cited as instances. They are divided into claeees ae- 
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eordin^to their distances— 4be doaiest 

class. 

(599.) When these combinations were first 
it was considered that advantage might be taken of 
to ascertain whether or not the annual motion of 
in its orbit might not produce a relative apparent 
ment o[ the individuals constituting a donble star. Sop- 
posing them to lie at a great distanoe one behind the other, 
and to appear only by casual juxtaposition nearly in the 
same line, it is evident that any motion of ^e earth must 
subtend different angles at the two stars so juxtaposed, 
and must therefore produce different parallactic displace- 
ments of them on the surface of the heavens, regarded 
as infinitely distant. Every star, in consequence of the 
earth's annual motion, should appear to describe in the 
heavens a small ellipse (distinct from that which it would 
appear to describe m consequence of the aberration of 
light, and not to be confounded with it), being a section, 
by the concave surface of the heavens, of an oblique 
elliptic cone, having^ vertex in the star, and the earth's 
orbit for its base ; and this section will be of less dimen- 




sions the more distant is the star. If, then, we regard 
two stars, apparently situated close beside each other, but 
in reality at very different distances, their parallactic el- 
lipses will be similar, but of different dimensions. Sup- 
pose, for instance, S and « to be the positions of two 
»;ars of such an sippaurently or optically double star as 
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seen from the sun, and let A6CD, ab ed^be their pa- 
rallactic ellipses ; then, since they will be at all times 
similarly situated in these ellipses, when the one star 
is seen at A, the other will be seen at a. When the 
the earth has made a quarter of a revolution in its orbit, 
their apparent places will be B6 ; when another quarter, 
Cc ; and when another, Ud. If, then, we measure care- 
fully, with micrometers adapted for the purpose, their 
apparent situation with respect to e^ch other, at different 
times of the year, we should perceive a periodical change, 
both in the direction of the line joining them, and in the 
distance between their centres. For the lines Aa and Cc 
cannot be parallel, nor the lines B6 and Ud equal, unless 
the ellipses be of equal dimensions, i. e. unless tlie two 
stars have the same parallax, or are equidistant firom the 
earth. 

(600.) Now, micrometers, properly mounted, enable 
us to measure very exactly both the distance between two 
objects which can be seen together in the same field of a 
telescope, and the position of the iiJhe joining them with 
respect to the horizon, or the meridian, or any other de-. 
terminate direction in the heavens. The meridian is 
chosen as the most convenient ; and the situation of the 
line of junction between the two stars of a double star is 
referred to its direction, by placing in the focus of the 
eye-piece of a telescope, equatorially mounted, two cross 
wires making a right angle, and adjusting their position 
so that one of the two stars shall just run along it by its 
diurnal motion, while the telescope remains at rest ; noting 
their situation ; and then turning the whole system of 
wires round in its own plane by a proper mechanical 
movement, till the other wire becomes exactly parallel to 
their line of junction, and reading off on a divided circle 
the angle the wires have moved through. Such an appa- 
ratus is called a position micrometer ; and by its aid we 
determine the angle of position of a double star, or the 
angle which their line of junction makes with the merif 
dian ; which angle is usually reckoned round the whole 
circle, from to 360, beginning at the north and proceed- 
ing in the direction north, following (or east) south, pre- 
ceding (or west). 

(601.) The advantages which this mode of operation 
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offers for the estimation of parallax aie maiij lad great. 
In the first place, the result to be obtained, beiof depend- 
eat only on the relative apparent displacemeat of the tvo 
stars, is unaffected by almost every cause which would 
induce error in the separate determination oi the pbeo 
of either by right ascension and declination. Refraction, 
that greatest of all obstacles to accuracy in astronomical 
determinations, acts equally on both stars ; and is there- 
fore eliminated from the result. We have no longer any 
thing to fear from errors of graduation in circles from 
levels or plumb-lines— from uncertainty attending tlie 
uranographical reductions of aberration, precession, ^. 
— -^U which bear alike on both objects. In a word; if we 
suppose the stars to have no proper motions of their own 
by which a real change of relative situation may arise, 
no other cause but their difference of parallax can pos- 
sibly affect the observation. 

(602.) Such were the considerations which first in- 
duced Sir William Herscliel to collect a list of double 
stars, and to subject them all to careful measurements of 
their angles of position and mutual distances. He had 
hardly entered, however, on these measurements, before 
he was diverted from the original object of the inquiry 
(which, in fact, promising as it is, still remains open and 
untouched, though the only method which seems to of- 
fer a chance of success in the research of parallax) by 
phenomena of a very unexpected character, which at 
once engrossed bis whole attention. Instead of ^ndinf^^ 
as he expected, that annual fluctuation to and fro of one 
star of a double star with respect to the other — that al- 
ternate annual increase and decrease of their distance and 
angle of position, which the parallax of the earth's an- 
nual motion would produce — he observed, m many in- 
stances, a regular progressive change; in some cases 
bearing chiefly on their distance — in others on their po- 
sition, and advancing steadily in one direction, %o as 
clearly to indicate either a real motion of the stars them- 
selves, or a general rectilinear motion of the sun and 
whole solar system, producing a parallax of a higher 
order than would arise from the earth's orbitoal motion, 
^nd which might be called systematic parallax. 

(603.) Supposing the two stan ia motioA independ- 



304 A TREATISE OK AffTRONOIIT. [oHAP. in. 

ently of «ach other, and also the sun, it is clear that for 
the interval of a. few years, these motions must be re- 
garded as rectilinear and uniform. Hence, a very slight 
acquaintance with geometry will suffice to show that the 
apparent motion of one star of a double star, referred to 
the other as a centre, and mapped down, as it were, on a 
plane in which that other shall be taken for a fixed or 
zero point, can be no other than a right line. This, at 
least, must be the case if the stars . be independent of 
each other; but it will be otherwise if they have a phy- 
sical connexion, such as, for instance, real proximity and 
mutual gravitation would establish. In that case, they 
would describe orbits round each' other, and round their 
common centre of gravity ; and therefore the apparent 
path of either, referred to the other as fixed, instead of 
being a portion of a straight line, would be bent into a 
curve concave towards that other. The observed mo- 
tions, however, were so slow, that many years' obsen'a- 
tion was required to ascertain this point ; and it was not, 
therefore, until the year 1803, twenty-five years from 
the commencement of the inquiry, that any thing like a 
positive conclusion could be come to respecting the rec- 
tilinear or orbitual character of the oqserved changes of 
position. 

(604.) In that, and the subsequent ' year, it was dis- 
tinctly announced by Sir William Ilerschel, in two 
papers, which will be found in the Transactions of the 
Royal Society for those years, that there exist sidereal 
systems, composed of two stars revolving about each 
other in regular orbits, and constituting what may be 
termed binary stars, to distinguish them from double 
stars generally so called, in which these physically con- 
nected stars are confounded, perhaps, with others only 
optically double, or casually juxtaposed in the heavens 
at different distances from the eye ; whereas the indi* 
viduals of a binary star are, of course, equidistant from 
the eye, or, at least, cannot differ more in distance thin 
the semidiameter of the orbit they describe about each 
other, which is quite insignificant compared with the 
immense distance between them and the earth. Between 
fifty and sixty instances of changes, to a greater or le« 
imount, in the angles of position of double stars, are ad- 
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duced in the memoirs above mentioned ; many oi vhich 
are too decided, and too regularij pcogieMiTe, lo aHaw 
of their nature being misconceived. In pardcoUr, uzmo^, 
the more conspicuous stars, — Castor, > Virginia, i Uns, 
70 Ophiuchi, ^ and • Corone, k Bootia, < Cas^i'^peic, 
y Leonis, i Herculis, / C ygni, f* Bootis, i 4 and « 5 Lyrz, 
A. Ophiuchi, M Draconis, and i Aquarii. are enumeraLed 
as among the most remarkable instances of the ob^erTcd 
motion ; and to some of them even periodic times of n^- 
volution are assigned, approximative only, of course. aa*i 
rather to be regarded as rough guesses than as rtrsuLia of 
any exact calculation, for which the daia were at the 'icne 
quite inadequate. For instance, the revolution of Cu:or 
is set down at 334 years, that of y Virginia at 70o, and 
that of y Laonis at 1200 years. 

(605.) Subsequent obser\'ation has fully condrmed 
these results, not only in their general tenor, but for ;he 
most part in individual detail. Of all the «cars a.yjfe 
named, there is not one which is not found to be fully 
entitled to be regarded as binary ; and, in facL, this Vm 
comprises nearly all the most considerable objects of *iiat 
description which have yet been detected, though as at- 
tention has been closely drawn to the subject, and oV 
servations have multiplied) it has, of late, begun V3 exter»i 
itself rapidly. The number of double stars whi^.-h are 
certainly known to possess this peculiar character is be- 
tween thirty and forty at the time we write, and more 
are emerging into notice with every fresh mass of o'jser- 
vations which come before the public. They require 
excellent telescopes for their obsenation, beins for the 
most part so close as to necessitate the use of ver\' hit;h 
magnifiers (such as would be considered extremely 
powerful microscopes if employed to examine objects 
within our reach), to perceive an interval between the 
individuals which compose them. 

(606.) It may easily be supposed, that phenomena of 
this kind would not pass without attempts to connect 
them with dynamical theories. From their first disco- 
very, they were naturally referred to the agency of some 
power, like that of gravitation, connecting the stars tlius 
demonstrated to be in a state of ciccnlatioD about each 
other ; and the extension of the NewtoniaD law of gra^i- 
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tation to these remote systems was a step so obvious, and 
80 well warranted by our experience of its allHBufficient 
agency in our own, as to have been expressly or tacitly 
made by every one who has given the subject any share 
of his attention. We owe, however, the first distinct 
system of cilculation, by which the elliptic elements of 
the orbit of a binary star could be deduced from observa- 
tions of its angle of position and distance at different 
epochs, to M. Savary, who showed,* that the motions 
of one of the most remarkable among them (| Urss) 
were explicable, within the limits allowable for error of 
observation, on the supposition of an elliptic orbit de- 
scribed in the short period of 58| years. A different 
process of computation has conducted Professor Encke 
to an elliptic orbit for 70 Ophiuchi, described in a period 
of seventy-four years ; and the author of these pages has 
himself attempted to contribute his mite to these interest- 
ing investigations. The following may be stated as the 
chief results which have been hitherto obtained in thii 
branch of astronomy : — 



Names of Stars. 


Period of 
Revolution. 


Major Serai- 
axifl of 
Ellipde 


Eocentricit]r. 


y Leon 18 

y Virginia - 

61 Cypni - - 

0- (7oroii9 - 

Castor 

70 Ophiuchi - 

^ UrsBB - 

^ Cancri 

>i CoronsB 


Years. 
1200 
628-flOOO 
152* 

286 6000 
252-6600 

80-3400 

58-2625 

55? 

4340 






12'090 
15430 
3-679 
8086 
4392 
3-857 


083350 


0-61125 
75820 
0^46670 
0-4164 











(607.) Of these, perhaps, the most remarkable is 
y Virginis, not only on account of the length of its pe- 
riod, but by reason also of the great diminution of ap- 
parent distance, and rapid increase of angular motion 
about each other, of the individuals composing it. It is 
a bright star of the fourth magnitude, and its component 
stars are almost exactly equd. It has been known to 
consist of two stars since the beginning of the eighteenth 
century, their distance being then between six and seven 
seconds ; so that any tolerably good telescope would re- 

* Connok des Tempe, 1830 
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solve it. Since that time they have been eonsCuitlv ap- 
proaching, and are at present hardly more ihaa m sincie 
second asunder ; so that no telescope, that is not of very 
superior quality, is competent to show them otherwise 
than as a single star somewhat lengthened in one direc- 
tion. It fortunately happens, that Bradley, in 1718, no- 
ticed, and recorded in the margin of one of his obserra- 
tion books, the apparent direction of their line of junction, 
as being parallel to that of two remarkable stars, a and 5 
of the same constellation, as seen by the naked eye ; and 
this note, which has been recently rescued from oblivion 
by the diligence of Professor Rigaud, has proved of sig- 
nal service in the investigation of their orbit. They are 
entered also as distinct stars in Mayer's catalogue ; and 
this affords also another means of recovering their rela- 
tive situation at the date of his observations, which were 
made about the year 1756. Without particularising 
individual measurements, which will be found in their 
proper repositories,* it will suffice to remark, that their 
whole series (which since the beginning of the present 
century has been very numerous and carefully made, and 
which embraces an angular motion of 100°, and a dimi- 
nution of distance to one sixth of its former amount) is 
represented with a degree of exactness fuily equal to 
that of observation itself by an ellipse of the dimensions 
and period stated in the foregoing little table, and of 
which the further requisite particulars are as follows:— 

Perihelion passage. August 18, 1834* 

Inclination of orbit to the visual ray 22^ 5o 

Angle of position of the perihelion int^ected on the faeaveiw 36^ fAf 

Angle of positicm of the Une of nodes, or interBoction of the ^ ^i.^ m 
plane of the orbit with the surfiice of the heavens { 

(608.) If the great length of the periods of some of 
these bodies be remarkable, the shortness of those of 
others is hardly less so. « Coronae has already made a 
complete revolution since its first discovery by Sir Wil- 
liam Herschel, and is far advanced in its second period ; 
and I Ursse, ^ Cancri, and 70 Ophiuchi, have all accom- 
plished by far the greater parts of their respectire ellipses 
since the same epoch. If any doobt, therefore, e«*l- t*--- 
main as to the reality of their orbitoal moiio&s, <« «j;y 

• f?eo them ooUected in Mem & AM, Sk vol t y "SSm 
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idea of explaining them by mere parallactic changes, these 
facts must suffice for their complete dissipation. We 
have the same evidence, indeed, of their rotations about 
each other that vire have of those of Uranus and Saturo 
about the sun; and the correspondence between their 
calculated and observed places in such very elongated 
ellipses, must be admitted to carry with it a proof of the 
prevalence of the Newtonian law of gravity in their sys- 
tems, of the very same nature and cogency as that of the 
calculated and observed places of comets round the cen- 
tral body of our own. 

(609.) But it is not with the revolutions of bodies of 
a planetary or cometary nature >round a solar centre that 
we are now concerned ; it is with that of sun around sun 
— each, perhaps, accompanied with its train of planets 
and their satellites, closely shrouded from our view by 
the splendour of their respective suns, and crowded into a 
space bearing hardly a greater proportion to the enor- 
mous interval which separates them, than the distances 
of the satellites of our planets from their primaries bear 
to their distances firom the sun itself. A less distinctly 
characterized subordination would be incompatible with 
the stability of their systems, and with the planetary na- 
ture of their orbits. Unless closely nestled under the 
protecting wing of their immediate superior, the sweep 
of their other sun in its perihelion passage round their 
own might carry them off, or wJiirl them into orbits ut- 
terly incompatible with the conditions necessary for the 
existence of their inhabitants. It must be confessed, that 
we have here a strangely wide and novel field for specu- 
lative excursions, and one which it is not easy to avoid 
luxuriating in. 

S610.) Many of the double stars exhibit the cnrioiu 
beautiful phenomenon of contrasted or complemeiH 
tary colours.* In such instances, the larger star is usu- 
ally of a ruddy or orange hue, while the smaller one ap- 
pears blue or green, probably in virtue of that genenl 
law of optics, which provides that when the retina is 

* " other suiut, perhaps. 

With their attendant moons thou wilt deacry. 
Communicating male and female lightp 
(Which two great sexes animate tlie worldO 
Stored in each orb, perhaps, with some that live.* 

PanuUm Um, vm. ]4a 
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under the influence of excitement by sax brigiri, 
light ; feebler lights, which seen alone vooM prDfSE»ce 
no sensation but of whiteness, shaU for the time ^*p»x 
coloured with the tint complementaiy to thai of ibs 
brighter. Thus, a yellow colour predominaxing in the 
light of the brighter star, that of the less bright one in the 
same field of view will appear blue ; while, if the dnx of 
tlie brighter star verge to crimson, that of the other wiij 
exhibit a tendency to green— or even appear as a viriJ 
green, under favourable circumstances. The former con- 
trast is beautifully exhibited by t Cancri — ^ihe latter by y 
Andromedae ; both fine double stars. If, however, the 
coloured star be much the less bright of the two, it will 
not materially affect the other. Thus, for instance, » 
Cassiopeiae exhibits the beautiful combination of a laree 
white star, and a small one of a rich ruddy purple. It is 
by no means, however, intended to say, that in all such 
cases one of the colours is a mere effect of contrast, and 
it may be easier suggested in words, than conceived in 
imagination, what variety of illumination two suns — a 
red and a green, or a yellow and a blue one — must afford 
a planet circulating about either ; and what charming 
contrasts and " grateful vicissitudes"— ^i red and a green 
day, for instance, alternating with a white one and with 
darkness — might arise from the presence or absence of 
one or other, or both, above the horizon. Insulated stars 
of a red colour, almost as deep as that of blood, occur in 
many parts of the heavens, but no green or blue star (of 
any decided hue) has, we believe, ever been noticed un- 
associated with a companion brighter than itself. 

(611.) Another very interesting subject of inquiry, in 
the physical history of the stars, is their proper motion,. 
^•/? priori, it might be expected that apparent motions of 
some kind or other should be detected among so great a 
multitude of individuals scattered through space, and with 
nothing to keep them fixed. Their mutual attractions 
even, however inconceivably enfeebled by distance, and 
counteracted by opposing attractions from opposite quar- 
ters, must, in the lapse of countless ages, produce sonie 
movements — some change of internal arrangement — re- 
sulting from the difference of the opposing actions. And 
it is a fact, that such apparent motions do exist, not only 
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among single, but in many of the double stars ; which, 
besides revolving round each other, or round their com- 
mon centre of gravity, are transferred, without parting 
company, by a progressive motion common to both, 
towards some determinate region. For example, the 
two stars of 61 Cygni, which are nearly equal, have re- 
mained constantly at the same, or very nearly the same 
distance, of 15", for at least fifty years ^ast. Mean- 
wliile thev have shifted their local situation in the hea- 
vens, in this interval of time, through no less than 4' 23", 
the annual proper motion of each star being 5""3 ; by 
which quantity (exceeding a third of their interval) this 
system is every year carried bodily along in some un- 
known path, by a motion which, for many centuries, 
must be regarded as uniform and rectilinear. Among 
stars not double, and no way differing from the rest in 
any other obvious particular, fji Cassiopeiae is to be re- 
marked as having the greatest proper motion of any yet 
ascertained, amounting to 3""74 of annual displacement. 
And a great many, others have been observed to be thus 
constantly carried away from their places by smaller, but 
not less unequivocal motions. 

(612.) Motions which require whole centuries to ac- 
cumulate before they produce changes of arrangement, 
such as the naked eye can detect, though quite sufficient 
to destroy that idea of mathematical fixity which pre- 
cludes speculation, are yet too trifling, as far as practical 
applications go, to induce a change of language, and lead 
us to speak of the stars in common parlance as otherwise 
than fixed. Too little is yet known of their amount and 
directions, to allow of any attempt at referring them to 
definite laws. It may, however, be stated generally, that 
tlieir apparent directions are various, and seem to have 
no marked common tendency to one point more than to 
another of the heavens. It was, indeed, supposed by Sir 
AVilliam Ilerschel, that such a common tendency could 
be made out ; and that, allowing for individual deviations, 
a general recess could be perceived in the principal stars, 
from that point occupied by the star ^ Herculis, towards 
a point diametrically opposite. This general tendency 
was referred by him to a motion of the sun and solar 
system in the opposite direction. No one, who reflects 



with dto attentioii on the.subject« will be iBclined to deny 
the high probability^ nay certainty^ that the sun futs a 
proper motion in wme direction ; and the inevitable con- 
seqnence of such a oaOtioa, unparticipated by the rest, 
must be a slow average apparent tendency of all the stars 
to the vanishing point of lines parallel to that direction, 
and to the region which he is leavings This is the ne- 
cessary effect of perspective ; and it is certain that it must 
be detected by such observations, if we knew accurately 
the apparent proper motions of all the stars, and if we 
were sure that they were independent, t. e, that the 
whole firmament, or at least all diat part which we see 
in our own neighbourhood, were not drifting along 
together, by a general setj as it were, in one direction, the 
result of unknown processes and slow internal changes 
going on in the sidereal stratum to which our system be- 
longs, as we see motes sailing in a current of air, and 
keeping nearly the same relative situation with respect 
to one another. But it seems to be the general opinion 
of astronomers, at present, that their science is not yet 
matured enough to afford data for any secure conclusions 
of this kind one way or other. Meanwhile, a very in- 
genious idea has been suggested by the present astron- 
omer royal (Mr. Pond), viz. that a solar potion, if it 
exist, and have a velocity at all comparable to that of 
light, must necessarily produce a solar aberration $ in 
consequence of which we do not see the stars disposed 
as they really arc, but too much crowded in the region 
the sun is leaving, too open in that he is approaching. 
(See art 2S0.) Now this, so long as the solar velocity 
continues the* same, must be a constant effect which ob- 
servation cannot detect ; but should it vary^ in the course 
of ages, by a quantity at all commensurate to the velocity 
of the earth in its orbit, the fact would be detected by a 
general apparent rush of all the stars to the one or oth«r 
quarter of the heavens, according as the sun's motion 
were accelerated or retarded ; which observation would 
not fail to indicate, even if it should amount to no more 
than a very few seconds. This consideration, refined 
and remote as it is, may serve to give some idea of the 
delicacy and intricacy of any inquiry into the matter of 
proper motion ; since the last mentioned effect would ne- 

2H 



872 A TRXATI8B ON ABTRONOlfT. []CHAP. Xn. 

cessarily be mixed up with the systematic parallax, and 
could only be separated from it by considering that the 
nearer stars would be affected more than the distant ones 
by the one cause, but both near and distant alike by the 
other. 

(613.) When we cast our eyes over the concave of the 
heavens in a clear night, we do not faO to observe that 
there are here and there groups of stars which seem to 
be compressed together in a more condensed manner than 
in the neighbouring parts, forming bright patches and 
clusters, which attract attention, as if Uiey were there 
brought together by some general cause other than casual 
distribution. There is a group, caUed the Pleiades, in 
which six or seven stars may be noticed, if the eye be 
directed full upon it ; and many more if the eye be turned 
carelessly aside, while the attention is kept directed* 
upon the group. Telescopes show fifty or sixty large 
stars thus crowded together in a very moderate space, 
comparatively insulated from the rest of the heavens. 
The constellation called Coma Berenices is another such 
group, more diffused, and consisting of much larger 
stars. 

(614.) In the constellation Cancer, there is a some- 
what similar but less definite, luminous spot, called 
Praesepe, or the bee-hive, which a very moderate tele- 
scope — an ordinary night-glass, for instance— resolves 
entirely into stars. In the sword handle of Perseus, also, 
is another such spot, crowded with stars, which requires 
rather a better telescope to resolve into individuals sepa- 
rated from each other. These are called clusters of stars,, 
and, whatever be their nature, it is certain that other laws 
of aggregation subsist in these spots, than those which 
have determined the scattering of stars over the general 
surface of the sky. This conclusion is still more strongly 



* It is a very remarkable fact, that the centre c^die ^dnial 
fiirless sensible to feeble Impressions of lisht, than th« extarior 
of the retina. Few persons are aware of the extent to which t 
parative insensibility extends, previous to trial. To appreciate iulel dM 
reader look alternately full at a star of the fifth roagmtode, and bend* it; 
or choose two equally bright, and about 2P or 4^ apart, and look firil at 
one of them, the probability is, he will see onlu the olher : audu at leMl; 
is my own case. The fact accounts for the multitude of sian with which 
we are impressed by a general view of the heavem ; thmr 
when we come to count xheisL^Author. 
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pressed upon ns, when we come to bring very powerful 
telescopes to bear on these and similar spots. There are 
a great number of objects which have been mistaken for 
comets, and, in fact, have very much the appearance of ' 
comets without tails : small round, or oval nebulous 
specks, which telescopes of moderate power only show 
as such. Messier has given, in the Connois, des Temps 
for 1784, a list of the places of 103 objects of this sort ; 
which all those who search for comets ought to be fami- 
liar with, to avoid being misled by their similarity of 
appearance. That they are not, however, comets, their 
fixity sufficiently proves ; and when we come to examine 
them with instruments of gr6at power — such as reflectors 
of eighteen inches, two feet or more in aperture — any 
such idea is completely destroyed. They are then, for 
the most part, perceived to consist entirely of stars 
crowded together so as to occupy almost a definite out- 
line, and to run up to a blaze of light in the centre, 
where their condensation is usually the greatest. (See 
Jig. 1, pi. ii., which represents (somewhat rudely) the 
thirteenth nebula of Messier's list (described by him as 
nebuleuse sans etailes), as seen in the 20 feet reflector at 
Slough.)* Many of them, indeed, are of an exactly 
round figure, and convey the complete idea of a globular 
space filled full of stars, insulated in the heavens, and con- 
stituting in itself a family or society apart from the rest, 
and subject only to its own internal laws. It would be 
a vain task to attempt to count the stars in one of these 
globtdar clusters. They are not to be reckoned by hun- 
dreds : and on a rough calculation, grounded on the 
apparent intervals between them at the borders (where 
tkey are seen not projected on each other), and the angu- 
lar diameter of the whole group, it would appear that 
many clusters of this description must contain, at least, 
ten or twenty thousand stars, compacted and wedged 
together in a round space, whose angular diameter does 
not exceed eight or ten minutes ; that is to say, in an 
area not more than a tenth part of that covered by the 
moon. 

* Thia beautiful object was first noticed by HalW in 1714. It is visi- 
tile to the naked eye, between the stars /* and C Hfercatia. In a nigfa(> 
glam it appears exactly like a small round comet. 
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(615.) Perhaps it may be thought to savour of the 
gigantesque to look upon the individuals of such a group 
as suns like our own, and their mutual diatances as equal 
to those which separate our sun from Uie nearest fixed 
star : yet, when wc consider that their untied lustre af- 
fects the eye with a less impression of light than a star 
of the fiAh or sixth magnitude ((or the largest of these 
clusters is barely risible to the naked eye), the idea we 
are thus compelled to form of their diitance from us may 
render even such an estimate of their dimensions familiur 
to our imagination ; at all events, we can hardly look 
upon a group thus insulated, thus m 9eip90 Mus, tereSf 
atque rotiindus, as not forming a system of a peculiar 
and definite character. Their lound 6gure cleaiiy indi- 
cates the existence of some general bond of union in the 
nature of an attractive force ; and, in many of thein» 
there is an evident acceleration in the rata of condensa- 
tion as we approach the centre, which is not referable to 
a merely uniform distribution of equidistant stars through 
a globular space, but marks an intrinsic denaity in their 
state of aggregation greater at the centre than at the sur- 
face of the mass, h is difficult to fbroi any conception 
of the dynamical state of such a system. On tlie one 
hand, without a rotatory motion and a centrifugal force, 
it is hardly possible not to regard them as in a state of 
progressive collapse. On the other, granting such a mo* 
tion and such a force, we find it no less difiS^t to recon- 
cile the apparent sphericity of their form with a rotation 
of the whole system round any single axis, without which 
internal collisions would appear to be inevitable.* Ths 
following are the places, for 1830, of a few of the prin- 
cipal of these remarkable objects^ as specimens of their 
class : — 
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(616.) It is to Sir William Herschel that we owe the 
most complete analysis of the great variety of those ob- 

* See a uotK oii this lukgect at the end of tha work. ^ 3BBL 
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j«cts which are generaliy ciaseed under the common head 
cif Ntbulev but which have been separated by him into 
- I St, -Clusmrs oi stars, in which tne stars are clearly 
di'it.iinii^iiable ; and these, again, into globular and ir- 
regular clusters ; 2d, Resolvsible nebulae, or such as ex- 
cite a suspicion that they consist of stars, and which 
any increase of the opticad power of the telescope may 
be expected to resolve into distinct stars ; dd, Nebuke 
properly so called, in which there is no appearance 
whatever of stars ; which, again, have been subdivided 
into subordinate classes, according to their brightness 
and size ; 4th, Planetary nebulae ; 5th, Stellar nebulae ; 
and, 6th, Nebulous stars. The great power of his tele- 
scopes has disclosed to us the existence of an immense 
mimber of these objects, and shown them to be distri- 
buted over the heavens, not by any means uniformly, 
but, generally speaking, with a marked preference to a 
broad zone crossing the milky way nearly at right 
angles, and whose general direction is not very remote 
from that of the hour circle of 0** and 12**. In some 
parts of this zone, indeed^-especially where it crosses 
the constellations Virgo, Coma Berenices, and the Great 
Bear — they are assembled in great numbers ; being, 
however, for the most part telescopic, and beyond the 
reach of any but the most powerful instruments. 

(617.) Clusters of stars are either globular, such as 
we have already described, or of irregular figure. These 
latter are, generally speaking, less rich in stars, and es- 
pecially less condensed towards the centre. They are 
also less definite in point of outline ; so that it is often 
not easy to say where they terminate, or whether they 
are to be regarded otherwise than as merely richer parts 
of the heavens than those around them. In some of them 
the stars are nearly all of a size, in others extremely dif- 
ferent ; and it is no uncommon thing to find a very red 
star much brighter than the rest, occupying a conspi- 
cuous situation in them. Sir William Herschel regards 
these as globular clusters in a less advanced state of con- 
densaiion, conceiving all such groups as approaching, by 
their mutual attraction, to the globular figure, and assem- 
bling themselves together from all the surrounding re- 
frion, under laws of which we have, it is true, no other 

2Ha 



876 A TRCATIS£ ON A8TR0N0KT. [CBAT. lU, 

proof than the observance of a gradation by which their 
characters shade into one another, so that it is impossible 
to say where one species ends and the other begins. 

(618.) Resolvable nebuls can, of coarse, only be con- 
sidered as clusters either too remote, or consisting of 
stars intrinsically too faint to aflect us by their individual 
light, unless where two or three happen to be close 
enough to make a joint impression, and give the idea of 
a point brighter than the rest. They are almost unive^ 
sally round or oval — their loose appendages, and irregu- 
larities of form, being as it were extinguished by the dis- 
tance, and only the general figure of the more condensed 
parts being discernible. It is under the appearance of 
objects of this character that all the greater globular clus- 
ters exhibit themselves in telescopes of insufficient opti- 
cal power to show them well ; and the conclusion is 
obvious, that those which the most powerful can barely 
render resolvable, would be completely resolved bj t 
further increase of instrumental force. 

(619.) Of nebulae, properly so called, the variety is 
again very great. By far the most remarkable are those 
represented in Jigs. 2 and 3, plate III., the former of 
which represents the nebulae surrounding the quadruple 
(or rather sextuple) star fi in the constellation Orion ; the 
latter, that about », in the southern constellation Robnr 
Caroli : the one discovered by Huygens, in 1650, and 
figured as seen in the twenty feet reflector at Sknigh ; 
the other by Lacaille, from a figure by Mr. Dunlop, Phil. 
Trans. 1827. The nebulous character of these objects, 
at least of the former, is very different from what might 
be supposed to arise from the congregation of an im- 
mense collection of small stars. It is formed of little 
fiocky masses, like wisps of cloud; and such wisps 
seem to adhere to many small stars at its outskirts, and 
especially to one considerable star (represented, in the 
figure, below the nebula), which it envelopes with a ne- 
bulous atmosphere of considerable extent and singnlar 
figure. Several astronomers, on comparing this nebula 
with the figures of it handed down to us by its discoverer, 
Iliiygens, have concluded that its form has undergone i 
pciceptibK) change. But wlien it is considered how dif 
ficult it is to represent such an object duly, and how eiw 
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tirely its appearanee wiU differ, eren in tbe same iefe^ 
scope, according to the clearnecm of the.sir, or other tem- 
porary caases, we shall readily admit that we have no 
evidence of change that can be relied on* 

(620.) Plate Ih, Jig. 3, represents a nebula of a quite 
different character. The original of this figiire is in the 
constellation Andromeda near the star r. It is visible to 
the naked eye, and is continually mistaken 'for a comet, 
by those unacquainted with the heavens. Simon Marius, 
who noticed it in 1612, describes its appearance as that 
of a candle shining through horn, and the resemblance 
is not inapt. Its form is a pretty long oval, increasing 
by insensible gradations of brightness, a^ first very gra^ 
dually, but at last more rapidly, up to a central point, 
which though very much brighter than the rest, is yet 
evidently not stellar, but only nebula in a high state of 
condensation. It has in it a few small stars ; but they 
are obviously casual, and the nebula itself offers not the 
slightest appearance to give ground for a suspicion of 
its consisting of stars. It is very large, being nearly 
half a degree long, and 15 or 20 minutes broad. 

(621.) This may be considered as a type, on a large 
scale, of a very numerous class of nebulae, of a round or 
oval figure, increasing more or less ia density towards 
the central point : they differ extremely, however, in 
this respect. In some, the condensation is slight and 
gradual ; in others great and sudden : so sudden, indeed, 
that they present the appearance of a dull and blotted 
star, or of a star with a slight burr round it, in which 
case they are called stellar nebulae ; while others, again, 
offer the singularly beautiful and striking phenomenon 
of a sharp and brilliant star surrounded by a perfectly 
circular disc, or atmosphere, of faint light in some cases, 
dying away on all sides by insensible gradations ; in 
others, almost suddenly terminated. These are nebidous 
stars. A very fine example of such a star is 55 Andro- 
medae R. A. l"* 43~, N. P. D. 50° 7'. • Orionis and t of 
the same constellation are also nebulous ; but the nebula 
is not to be seen without a very powerful telescope. In 
the extent of deviation, too, from the spherical form, 
which oval nebula affect, a great diversity is observed : 
some are. only slightly elliptic ; others much extended 
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in length ; and in some, the extension so great, as to 
give the nehula the character of a long, narrow, spindle- 
shaped ray, tapering away at both ends to points. One 
of the most remarkable specimens of this kind is in 
R. A. 12»» 28™ ; F. P. D. 63° 4'. 

(622.) Annular nebulae also exist, but are among the 
rarest objects in the heavens. The most conspicuous 
of this class is to be found exactly half way between the 
stars ^ and y Lyrae, and may be seen with a telescope of 
moderate power. It is small, and particularly well de- 
fined, so as in fact to have much more tlie appearance 
of a flat oval solid ring than of a nebula. 'Y\\e axes of 
the ellipse are to each other in the proportion of about 
4 to 5, and the opening occupies about half its diameter: 
its light is not quite uniform, but has something of a 
curdled appearance, particularly at the exterior edge ; 
the central opening is not entirely dark, but is filled up 
with a faint hazy light, uniformly spread over it, like a 
fine gauze stretched over a hoop. 

(623.) Planetary nebulae are very extraordinary ob- 
jects. They have, as their name imports, exactly the 
appearance of planets ; round or slightly oval discs, in 
some instances quite sharply terminated, in others a 
little hazy at the borders, and of a light exactly equable 
or only a very little mottled, which, in some of them, ap- 
proaches in vividness to that of actual planets. What- 
ever be their nature, they must be of enormous magnitude. 
One of them is to be found in the parallel of v Aquarii, 
and about 5" preceding that star. Its apparent diameter 
is about 20". Another, in the constellation Andromeda, 
presents a visible disc of 12", perfectly defined and 
round. Granting these objects to be equally distant 
from us with the stars, their real dimensions must be 
such as would fill, on the lowest computation, the whole 
orbit of Uranus. It is no less evident that, if they be 
solid bodies of a solar nature, the intrinsic splendour of 
their surfaces must be almost infinitely inferior to that 
of the sun's. A circular portion of the sun's disc, sub- 
tending an angle of 20", would give a light equal to 
100 full moons; while the objects in question are 
hardly, if at all, discernible with the naked eye. The 
uniformity of their discs, and their want oC apparent 
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central condensation, would certainljHimgar their light 
to be merely superficial, and in the Iraiture of a hollow 
spherical shell : but whether filled with solid or gaseous 
matter, or altogether empty, it would be a waste of 
time to conjecture. 

(024.) Among the nehul« which possess an evident 
symmetry of form, and seem clearly entitled to be re- 
garded as systems of a definite natnre, however myste- 
rious their structure and destination, the most remark- 
able are the 51st and 27th of Messier's catalogue. The 
former consists of a large and bright globular nebula 
surrounded by a double ring, at a considerable distance 
from the globe or rather a single ring divided through 
about two fifths of its circumference into two laminae, 
and having one portion, as it were, turned up out of the 
plane of the rest. The latter consists of two bright and 
highly condensed round or slightly oval nebulae, united by 
a short neck of nearly the same density. A faint nebu- 
lous atmosphere completes the figure, enveloping them 
both, and filling up the outline of a circumscribed ellipse, 
whose shorter axis is the axis of symmetry of the sys- 
tem about which it may be supposed to revolve, or the 
line passing through the centres of both the nebulous 
masses. These objects have never been properly de- 
scribed, the instruments with which they were originally 
discovered having been quite inadequate to showing the 
peculiarities above mentioned, which seem to place them 
in a class apart from all others. The one offers obvious 
analogies either with the structure of Saturn or with 
that of our own sidereal firmament and milky way. The 
other has little or no resemblance to any oth^known 
object. ^ 

(625.) The nebul» furnish, in every point of view, 
an inexhaustible field of speculation and conjecture* 
That by far the larger share of them consist of stars 
there can be little doubt ; and in the interminable range 
of system upon system, and firmament upon firmament, 
which we thus catch a glimpse of, the imagination is be- 
wildered and lost. On the other hand, if it be true, as, 
to say the least, it seems extremely probable, that a phos- 
phorescent or self-luminous matter also exists, dissemi- 
nated through extensive regions of spaoe, in the mannet 
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of a cloud or fog — ^now assuming capricious shapes, like 
actual clouds drifted by the wind, and now concentrating 
itself like a cometic atmosphere around particular stars ; 
what, we naturally ask, is the nature and destination of 
this nebulous matter ? Is it absorbed by the stars io 
whose neighbourhood it is found* to furnish, by its con- 
densation, their supply of light and heat ? or is it pro- 
gressively concentrating itself by the effect of its own 
gravity into masses, and so laying the foundation of new 
sidereal systems or of insulated stars ? It is easier to 
propound such questions than to offer any probable reply 
to them. Meanwhile, appeal to fact, by the method of 
constant and diligent observation, is open to us ; and, as 
the double stars have yielded to this style of questioning, 
and disclosed a series of relations of the most intelligible 
and interesting description, we may reasonably hope 
that the assiduous study of the nebulse will, ere long, lead 
to some clearer understanding of their intimate nature. 

(626.) We shall conclude this chapter by the men- 
tion of a phenomenon which seems to indicate the ex- 
istence of some slight degree of nebulosity about the sun 
itself, and even to place it in the list of nebulous stars. 
It is called the zodiacal light, and may be seen any very 
clear evening soon after sunset, about the months of 
April and May, or at the opposite season before sunrise, 
as a cone or lenticular-shaped light, extending from the 
horizon obliquely upwards, and following, generallyi 
the course of the ecliptic, or rather that of the sun's 
equator. The apparent angular distance of its vertex 
from the sun varies, according to circumstances, from 
40° to 9^, and the breadth of its base perpendicular to 
its axis'Am 8° to 30°. It is extremely faint and ill de- 
fined, at least in this climate, though better seen in tro- 
p'cal regions, but cannot be mistaken for any atmo- 
spheric meteor or aurora borealis. It is manifestly in the 
nature of a thin lenticularly-formed atmosphere, rar- 
rounding the sun, and extending at least beyond the 
orbit of Mercury and even of Venus, and may be con- 
jectured to be no other than the denser part of that me- 
dium, which, as we have reason to believe, resists the 
motion of comets ; loaded, perhaps, with the actual ma- 
terials of the tails of millions of those bodies, of which 
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they have been stripped in their successive perihelion 
passages (art. 487), and which may be slowly subsiding 
into the sun. 



'1 • 



CHAPTER Xni. 

OF THE CALENDAR. 

(627.) Time, like distance, may be measured by com- 
parison with standards of any length, and all that is 
requisite for ascertaining correctly tne length of any in- 
terval, is to be able to apply the standard to the interval 
throughout its whole extent without overlapping on the 
one hand, or leaving unmeasured vacancies on the other ; 
to determine, without the possible error of a unit, the 
number of integer standards which the interval admits 
of being interposed between its beginning and end ; and 
to estimate precisely the fraction over and above an 
integer, which remains when all the possible integers are 
subtracted. 

(628.) But though all standard units of time are equally 
possible, theoretically speaking, all are not, practically, 
equally convenient. The tropical year and the solar day 
are natural units, which the wants of man and the busi- 
ness of society force upon us, and compel us to adopt 
as our greater and lesser standards for the measurement 
of time, for all the purposes of civil life ; and that, in 
spite of inconveniences which, did any choice exist, 
would speedily lead to the abandonment of one or other. 
The principal of these are their incommensurability, and 
the want of perfect uniformity in one at least of them. 

(629.) The mean lengths of the sidereal day and year, 
when estimated on an average sufficiently large to com- 
pensate the fluctuations arising from nutation in the one, 
and from inequalities of configuration in the other, are 
the two most invariable quantities which nature presents 
us with ; the former, by reason of the uniform diurnal 
rotation of the earth — the latter on account of the inva- 
riability of the axes of the planetary orbits. Hence it 
follows that the mean solar aay is also invariable. It is 
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Otherwise with the tropical year. The motion of the 
equinoctial points varies not only from the retrogradar 
tion of the equator on the ecliptic, but also partly from 
that of the ecliptic on the orbits of all the other planets. 
It is therefore variable, and this produces a variation in 
the tropical year, which is dependent on the place of the 
equinox (arts. 517, 328). The tropical year is actually 
above 4*21' shorter than it was in the time of Hippar- 
chus. This absence of the most essential requisite for 
a standard, viz. invariability, renders it necessary, since 
we cannot help employing the tropical year in our reck- 
oning of time, to adopt an arbitrary or artificial value for 
it, so near the truth, as not to admit of the accumulation 
of its error for several centuries producing any practical 
mischief, and thus satisfying the ordinary wants of civil 
life ; while, for scientific purposes, the tropical year, so 
adopted, is considered only as the representative of a 
certain number of integer days and a fraction — the day 
being, in effect, the only standard employed. The case 
is nearly analogous to the reckoning of value by guineas 
and shillings, an artificial relation of the two coins being 
fixed by law, near to, but scarcely ever exactly coincident 
with, the natural one, determined by the relative market 
price of gold and silver, of which either the one or the 
other — whichever is really the most invariable, or the 
most in use with other nations — ^may be assumed as the 
true theoretical standard of value. 

(630.) The other inconvenience of the standards io 
question is their incommensurability. In our measure 
of space, all our subdivisions are into aliquot parts : a 
yard is three feet, a mile eight furlongs, 4ic. But a yeai 
is no exact number of days, nor an integer number with 
any exact fraction, as one third or one fourth, over and 
above ; but the surplus is an incommensurable fraction, 
composed of hours, minutes, seconds, &;c., which pro- 
duces the same kind of inconvenience in the reckoning 
of time that it would do, in that of money, if we haa 
gold coins of the value of twenty-one shillings, with odd 
pence and farthings, and a fraction of a farthing over. For 
this, however, there is no remedy but to keep a strict re- 
gister of the surplus fractions ; and, when they amount 
to a whole day, cast them over into the integer account. 
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. (631.) To do this in the simplest and most eonTeaieiit 
manner is the object of a well-aidju^ted calendar. In th9 
Gregorian calendar, which we follow, it is accomplished, 
with remarkable simplicity and neatness, by. carrying a 
little farther than is done above the principle of an as* 
j9umed or artidcial year, and adopting two such year^ 
both consisting of an exact integer number of days, 
viz. one of 365 and the other of 366, and laying down a 
pimple and easily remembered rule for the order in which 
these years shall succeed eadb other in the civil reckoning 
of time, so that during the lapse of at least some thou- 
sands of years the sum of the integer artificial, or Gro- 
gorian, years elapsed shall not difier from itie same 
number of real tropical years by a whole day. By this 
contrivance, the equinoxes and solstices will always fall on 
/days similarly situated, and bearing the same name, in each 
Gregorian year ; and the seasons will for ever correspond 
to the same months, instead of running the round of the 
whole year, as they must do upon any other system of 
reckoning, and used, in fact, to do before this was adopted. 
(632.) The Gregorian rule is as follows : — The years 
are denominated from the l»rth of Christ, according to 
one chronological determination of that event. Every 
year whose number is not divisible by 4 without re- 
mainder, consists of 365 days ; every year which is so 
divisible, but is not divisible by 100, of 360 ; every year 
divisible by 100, but not by .400, again of 365 ; and every 
year divisible by 400, again of 366. For example, the 
year 1833, not being divisible by 4, consists of 365 
days; 1836 of 366; 1800 and 1900 of 365 each; but 
2000 of 366. In order to see how near this rule will 
bring us to the truth, let us see what number of days 
10000 Gregorian years will contain, beginning with the 
year 1. Now, in 10000, the numbers not divisible by 4 
will be I of 10000, or 7500 ; those divisible by 100, but 
not by 400, will in like manner be J of 100, or 75 ; so 
that, in the 10000 years in question, 7575 consists of 
366, and the remaining 2425 of 365, producing in all 
3652425 days, which would give for an average of each 
year, one witli another, 365'*'2425. The actual value of 
the tropical year (art. 327) reduced into a decimal frac- 
tion, is 365-24224, so the error of the Gregorian rule on 

21 



884 A TSSATI8B ON ASTRONOMY. [cHAP. TOl. 

10000 of the present tropical years is 2*6, or 2* 14** 24"; 
that is to say, less than a day in 3000 years ; which is 
more than sufficient for all human purposes, those of the 
astronomer excepted, who is in no danger of being led 
into error from this cause. Even this error might be 
avoided by extending the wording of the Gregorian rule 
one step farther than its contrivers probably thought it 
worth while to go, and declaring that years divisible by 
4000 should consist of 365 days. This would take off 
two integer days from the above calculated number, and 
2*5 from a larger average ; making the sum of days in 
100000 Gregorian, years, 36524225, which differs only 
by a single day from 1 00000 real tropical years, such as 
they exist at present. 

(633.) As any distance along a high road might, 
though in a rather inconvenient and roundabout way, be 
expressed without introducing error by setting up a series 
of milestones, at intervals of unequal lengths, so that 
every fourth mile, for instance, should be a yard longer 
than the rest, or according to any other fixed rule ; taking 
care only to mark the stones, so as to leave room fbr no 
mistake, and to advertise all travellers of the difference 
of lengths and their order of succession ; so may any in- 
terval of time be expressed correctly by stating in what 
Gregorian years it begins and ends,, and whereabouts in 
each. For this statement, coupled with the declaratory 
rule, enables us to say how many integer years are to be 
reckoned at 365, and how many at 366 days. The latter 
years are called bissextiles, or leap-years, and the sur- 
plus days thus thrown into the reckoning are called ia- 
tercalary or leap-days. 

(634.) If the Gregorian rule, as above stated, bad al- 
ways been adhered to, nothing would be easier than to 
reckon the number of days elapsed between the present 
time and any historical recorded event. But this is not 
the case ; and the history of the calendar, with reference 
to chronology, or to the calculation of ancient obsenra- 
tions, may be compared to that of a clock, going regularij 
when left to itself, but sometimes forgotten to be wonod 
up ; and when wound, sometimes set forward, sometimes 
backward, and that often to serve particular purposes and 
private interests. Such, at least, appears to have been 
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the case with the Romaa calendar, in which our own 
originates, iirom the time of Nama to that of Julius 
Ceesar, when the lunar year of 13 months, or 355 days, 
was augmented at pleasure, to correspond to .the solar, 
by which the seasons are determined, by the arbitrary 
intercalations of the priests, and the usurpations of the 
decemvirs and other magistrates, till the confusion be- 
came inextricable. To Julius Caesar, assisted by Sosi- 
genes, an eminent Alexandrian astronomer and mathe- 
matician, we owe the neat contrivance of the two years 
of 365 and 366 days, and the insertion of one bissextile 
after three common years. This important change took 
place in the 45th year before Christ, which was the first 
regular year, commencing on the 1st of January, being 
the day of the new moon immediately following Uie 
winter solstice of the year before. We may judge^of 
the state into which the reckoning of time had fallen, 
by the fact, that, to introduce the new system, it was 
necessary to enact that the previous year (46 b. c.) 
should consist of 455 days, a circumstance which ob- 
tained it the epithet of " the year of confusion." 

(635.) The Julian rule made every fourth year, with- 
out exception, a bissextile. This is, in fact, an over- 
correction ; it supposes the length of the tropical year to 
be 3654(1, which is too great, and thereby induces an 
error of 7 days in 900 years, as will easily appear on 
trial. Accordingly, so early as the year 1414, it began 
to be perceived Uiat the equinoxes were gradually creep- 
ing away from the 21st of March and September, where 
they ought to have always fallen had the Julian year 
been exact, and happening (as it appeared) too early. 
The necessity of a fresh and effectual reform in the calen- 
dar was from that time continually urged, and at length 
admitted. The change (which took place under the 
popedom of Gregory XIII.) consisted in the omission of 
ten nominal days after the 4th of October, 1582 (so that 
the next day was called the 15th, and not the 5th), and 
the promulgation of the rule already explained for future 
regulation. The change was adopted immediately in all 
catholic countries ; but more slowly in protestant. In 
England, " the change of style," as it was called, took 
place after the 2d of September, 1752» eleven nominal 
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days being then struck out ; so that, the last day of Old 
Style being the 2d, the first of New Style (the next day) 
was called the 14th, instead of the 3d. The same legis- 
lative enactment which established the Gregorian yeai 
in England in 1752, shortened the preceding year, 1751, 
by a full quarter. Previous to that time, Hie year was 
held to begin with the 25th March, and the year a. d. 
1751 did so accordingly ; but that year was not suffered 
to run out, but was supplanted on the 1st January by 
the year 1752, which it was enacted should com- 
mence on that day, as well as every subsequent year. 
Russia is now the only country in Europe in which the 
Old Style is still adhered to, and (another secular year 
having elapsed) the difference between the European and 
Russian dates amounts, at present, to 12 days. 

(636.) It is fortunate for astronomy that the confiisioa 
of dates and the irreconcilable contradictions which his- 
torical statements too often exhibit, when confronted 
with the best knowledge we possess of the ancient reck- 
onings of time, affect recorded observations but little. An 
astronomical observation, of any striking and well marked 
phenomenon, carries with it, in most cases, abundant 
means of recovering its exact date, when any tolerable ap- 
proximation is afforded to it by chronological records ; 
and, so far from being abjectly dependent on the ob- 
scure and often contradictory dates which the compari- 
son of ancient authorities indicates, is often itself the 
surest and most convincing evidence on which a chrono- 
logical epoch can be brought to rest. Remarkable eclipses, 
for instance, now that the lunar theory is thoroughly un- 
derstood, can be calculated back for several thmisands of 
years, without the possibility of mistaking the day of 
their occurrence. And whenever any such eclipse it so 
interwoven with the account given by an ancient antkoi 
of some historical event, as to indicate precisely die 
interval of time between the eclipse and the event, aad 
at the same time completely to identify the eclipse, tint 
date is recovered and fixed for ever.* 

(637.) The days thus parcelled out into yean, thi 

* See the remarkable calculations of Mr. Baily relative to Um celt 
brated solar ecli{)8e which put an end to the battle between the Hap 
of Media and Lydia, a. o. 610, Sept 3a Phil. Ttrnm. d. SSOl 
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next step to a perfect knowledge of time is to secure the 
identification of each day, by imposing on it a name uni- 
Tersally known and employed. Since, however, the 
days of a whole year are too numerous to admit of load- 
ing the memory with distinct names for each, all nations 
have felt the necessity of bi'eaking them down into par- 
cels of a more moderate extent ; giving names to each 
of these parcels, and particularizing the days in each by 
numbers, or by some especial indication. The lunar 
month has been resorted to in many instances ; and some 
nations have, in fact, preferred a lunar to a solar chro- 
nology altogether, as the Turks and Jews continue to do 
to this day, making the year consist of 13 lunar months, 
or 355 days.* Our own division into twelve unequal 
months is entirely arbitrary, and often productive of con- 
fusion, owing to the equivoque between the lunar and 
calendar month. The intercalary day naturally attaches 
itself to February as the shortest. 

♦ The Metonic cycle, or Uie fact, discovered by Meton, a Greek ma- 
tiiematician, that 19 solar years contain just 235 lunations (which in fact 
they do to a very great degree of approximation), was duly appreciated 
by the Greeks, as ensuring the correspondence of the solar and lunar 
years/ and honours were decreed to its discoverer. 

212 
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NOTE 

On iht Conttitution tf m Qkbular Gutter, r^ftrred te tn page 374. 

If we tuppote a globular space filled with equal atan, uniformly di» 
pened throuEh it, and very numerous, each of them attracting every 
other with a force inversely as the square of the distance, the resultant 
force by which any one of them (thoee at the aoriace al<xie eicepted) 
will be urged, in virtue of their joint attractions, will be directed towards 
the common centre of the sphere, and will be directly as tlie distanre 
therefrom. This follows from what Newton has proved of the inf/md 
attraction of a hcHnnogeueous sphere. Now, under such a law of force, 
each particular star would describe a perfect ellipse about the comimxi 
centre of gravity, as its centre, and thett, in whatever plane and wliatever 
direction it might revolve. The condition, therefore, of a rotation of 
the cluster, as a mass, about a single axis would be unnecessary. Each 
ellipse, whatever might be the proportion of its axes, or the inclination of 
its plane to the others, would be invariaMe tn every particulmr, and all 
would be described in one coipmon period, ao that at the end of every 
such period or annus magmis of the system, every star of the cliistrr 
(ex(^e}>t the supcrncial cines) would be exactly re-established in in 
original posirion, ihence to set out afresh and run the same unvairiiV 
round for an inde/inite succession of ages Supposing their mutionif 
therefore, to be so adjusted at any one moment as tliat the orbia 
should not in:er8cct each other, ana so that the magnitude of each star, 
and the sphere of its more intense attraction, should bear but a small pro- 
portion to the distance separating the individuals, such a system, it ii 
obvious, might subsist, and realize, in jpeat measure, that abstract and 
ideal harmony, which Newton, in the o9th Proposition of the Firsl Bix^ 
of the Prinapia, has shown to characterize a law of force directly n 
the distance. See also Quarterly Review, No. 94, p. 540. — Aulkar 
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Synoptic Table of the Elements of the Orbits or 
THE Satellites, so far as they are known. 



N. B. — ^The distances are expressed in equatorial radii of the pri- 
maries. The epoch is Jan. 1, 1801. The periods, 6cc are ex- 
pressed in mean solar days. 



!• The Moon. 



Mean distance from earth 
Mean sidereal revolution 
Mean svnodical ditto • 
Eccentricity of orbit 
Mean revolution of nodes 
Mean revolution of apogee 
Mean longitude of node at epoch 
Mean longitude of perigee at do. 
Mean inclination of orbit 
Mean longitude of moon at epoch 
Mass, that of earth being 1, . 
Diameter in miles 
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'The eccentricities of the 1st and 3d satellite are iiuienaihle, that 
of the 3d and 4th small, but variable in conseqoeiiee of their nnilnl 
perturbations. 
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Eccentricitiea and Inclinations. 



The orbits of the six interior 
satellites are nearly circular, 
and very nearly in the plane of 
the ring. That of the seventh 
is considerably inclined to the 
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coincidence with the ecliptic. 
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days being then struck oat ; so that, the last day of Old 
Style being the 2d, the first of New Style (the next day) 
\ras called the 14th, instead of the 3d. The same legis- 
lative enactment which established the Gregorian yeai 
in England in 1752, shortened the preceding year, 1751, 
by a full quarter. Previous to that time, Uie year was 
held to begin with the 25th March, and the year a. d. 
1751 did so accordingly ; but that year was not suffered 
to run out, but was supplanted on the Ist January by 
the year 1752, which it was enacted should com- 
mence on that day, as well as every subsequent year. 
Russia is now the only country in Europe in which the 
Old Style is still adhered to, and (another secular year 
having elapsed) the difference between the European and 
Russian dates amounts, at present, to 12 days. 

(636.) It is fortunate for astronomy that the confusion 
of dates and the irreconcilable contradictions which his- 
torical statements too often exhibit, when confronted 
with the best knowledge we possess of the ancient reck- 
onings of time, affect recorded observations but little. An 
astronomical observation, of any striking and well maAed 
phenomenon, carries with it, in most cases, abundant 
means of recovering its exact date, when any tolerable ap- 
proximation is afforded to it by chronological records ; 
and, so far from being abjectly dependent on the ob- 
scure and often contradictory dates which the compari- 
son of ancient authorities indicates, is often itself the 
surest and most convincing evidence on which a chrono- 
logical epoch can be brought to rest. Remarkable eclipses, 
for instance, now that the lunar theory is thoroughly un- 
derstood, can be calculated back for several thousands of 
years, without the possibility of mistaking the day of 
their occurrence. And whenever any such eclipse is lo 
interwoven with the account given by an ancient anthof 
of some historical event, as to indicate precisely tbe 
interval of time between the eclipse and the event, and 
at the same time completely to identify the eclipse, that 
date is recovered and fixed for ever.* 

(637.) The days thus parcelled out into yean, !l» 

* See the remarkable calculations of Mr. Baiiy relative to the cele 
brated solar eclipse which put an end to the battle betweea Ae kiaff 
of Media and Ljrdia, b. c. 610, Sept. 3a Fhfl. Ttim. ci. S80L 



next Btep to a perfect knowledge of time is to secure the 
identification of each day, by imposing on it a name uni- 
versally known and employed. Since, however, the 
days of a whole year are too numerous to admit of load- 
ing the memory with distinct names for each, all nations 
have felt the necessity of bi'eaking them down into par- 
cels of a more moderate extent ; giving names to each 
of tiiese parcels, and particularizing the days in each by 
numbers, or by some especial indication. The lunar 
month has been resorted to in many instances ; and some 
nations have, in fact, preferred a lunar to a solar chro- 
nology altogether, as the Turks and Jews continue to do 
to this day, making the year consist of 13 lunar months, 
or 355 days.* Our own division into twelve unequal 
months is entirely arbitrary, and often productive of con- 
fusion, owing to the equivoque between the lunar and 
calendar month. The intercalary day naturally attaches 
itself to February as the shortest. 

* The Metonic cycle, or the &ct, discovered by Meton, a Greek ma- 
thematician, that 19 solar years contain just 235 lunations (which in fact 
they do to a very great degree of appruximatioh), was duly appreciated 
by the Greeks, as ensuring the correspondence of the solar and lunar 
years, and honours were decreed to its discoverer. 
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Air, 28. Mechanical laws for regu 
lating its dilation and compres- 
sion; rarefraction of, 29. Density 
oC 29. Refractive power of, af- 
fected by its moisture, 33. 

Angle of reflection equal to that of 
incidence, 91. 

Angles, measurement of, 82. 

Anomalistic and tropical years, 196. 

Apparent diurnal motion of the hea- 
venly bodies explained, 45. 

Apsides, their motion illustrated, 
338. 

Astronomical instruments, 66. 
Practical difficulties in the con- 
struction of, 67. Observations in 
general, 68. 

Astronomy, 7. General notions 
concerning the science, 14. 

Atmosphere, 29. Refractive power 
of the, 31. General notions of its 
amount, and law of variation, 34. 
Reflective power of^ 36. 

Attraction, magnetic and electric, 
224. Of spheres, 225. Solar at- 
traction, 227. 

Azimuth and altitude instruments, 
99. 



Barometrical determination of 
heighis, 149. 

Biot, M., his aeronautic expedition, 
27, 

Bode*s law of planetary distances, 
262. 

Bodies, efiect of the earth's attrac- 
tion on, 124. Motion of, 222. 
Rule for determining the velo- 
citv of, 223. Problem of three. 



Borda, his inventicHi of die principle 
of repetition, 103. 



Calendar, 381. Gregorian, 383L 
Juhan, 385. 

Cause and eflfect, 221. 

Celestial refracti<m, 38. Maps, 151. 
Constmct^n of, by observationa 
on right ascension and decima- 
tion, 152. Objects divided into 
fixed and erratic, 155. LiMigitudet 
and latitudes, 160. 

Centrifugal force, 118. 

Chronometers, 78. 

Circles, co-ordinate, 96. 

Clairaut, 124. * 

Clepsydras, 78. 

Clocks, 78. 

Comets, their number, 283. Their 
tails, 284. Their constitutim. 285. 
Their orbits, 287. Their predicted 
returns; Encke's, 291. Biela's, 
291. Their dimensions, 293. 

Copemican explanation of the son's 
apparent motion, 185. 

D. 

Dates, astronomical means of fixing 

386. 
Day, solar, civil measure of time, 

381. Sidereal. 381. 
Definitions of various terms employ* 

ed in astronomy, 56. 
Diurnal or geocentric parallax, 181. 

£. 

Earth, the, one of the principal ob- 
jects of the astronomer's conside- 
ration ; opinions of the ancients 
concerning, 16. Real and appa- 
rent motion of^ explained, 17. 
Form and magnitude of, 19. Its 
apparent diameter, 21. A diagram 
elucidating the circular form of, 
22. Eflfect of tlMp curvature o^ 
24. Diurnal rotation of, 42. Poles 
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■ionfl of, 114. Its form that of 
equilibrium, modified by centri- 
fugal Ibrce, 117. Local variation 
oi gravity on its surface, 1 20. ICf- 
ffic.ts of the earth's rotation, 123. 
Correction (()r the sphericity of, 
144. The point of the earth's 
avis, 1()3. Conical movements of, 
H»4. Mutation of, 165. Parallol- 
iiiin of, IHtj. Pro^KNTtion of its mass 
to that of the sun, 274. 

£cli|>tic, the, 157. lu position among 
the stars, 158. Poles of, 159. 
Plane uf its secular variation, 308. 

CUiptic motion, laws of, 179. 

K(] nations for precession and nuta- 
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Equaiuriul ur parallactic instru- 
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Floating collimator, invented by 
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Force, centrifugal, 223 
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Gay-Lusvac, his aeronautic expedi- 
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Galileo discovers Jupiter's satellites, 
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Graviiation, law of univerpal, 222. 

Gravity, local, variation of, 119. 
SLitical measure of, 121. Dyna- 
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trial. 222. Diminution of, at the 
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II. 
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333. 
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Herschel, Sir William, his \'iew of 

the physical constitution of the 

sun, 19o. 
Horizon, dip of the, explained, 83. 
Hour-glass, 78. 
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elliptic form of the earth's orbil, 
179. His laws, and tlicir intW' 
pretation, 250. 



Lalande, his ideas of the sped oa 

the sun, 199. 
I^place accountx for the seciilsr ae- 

celeraiion of the moun. 333. 
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of, 109. 
Level, dearription and ime of 99. 
Light, aberration of. 169. Ursno* 
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apparent diameter. 203l Its paral- 
lax, distance, und real di 



INDEX. 



M» 



404 The £>rm of its orbit, like 
that of tke^uo, is elliptic, but con- 
siderably Hoore eccentric; tbe first 
«ApioxiiB»tioa to its orbit, 20b. 
Motions of the nodes of, 205. Oc- 
culttttioos of; a07. Phases of, 21 1. 
Its syoodical periods, 212. Revo- 
lutions of the apsides of, 216. 
Physical <x»stittttioa of, 217. its 
mountains, 21& its atmosphere, 
^9. Rotation of; lihration of, 
220. Diminution offfravity at the; 
distance of it from.ube eakh, 224. 
Its gravity towards the earth ; to- 
wanis the sun, 273. Its motion 
disturbed by the sun's attraction, 
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Of bodies, 222. Laws of elliptic 
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NebulflB Sir W. Hecschel*s disco- 
veries of, 375. Resolvable, 376. 
Aimular, 378. Planetary, 378. 

Newton, his law of univerml gravi- 
tation, 225. 

Nodes, Uieir nwtion, 302. 

Nutation, its physical causes, 313. 

O. 

Olbers, Dr., 262. 

Orbits, variation of their inclinations, 
306. 



Parallax, 52. 

Pendulum, 122. 

Perturbations, 294. Of the planeta- 
ry orbits, 3ia 

Planet, method of ascertaining its 
mass, compared with that of the 
sun, when it has a satellite, 274. 

Planets, the, 231. Apparent motion 
of, 232. Their stations and retro- 
gradations, 233. The sun their 
natural centre of motion, 234. 
Their apparent diameten and dis- 
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tances from the sun, 236. 
of the inferior planets; transits of. 
236. Elongations o€ 23a Their 
sidereal periods, 240. Synodical 
revolutions of. 241. Phases of 
Mercury and Mars, 242. Transits 
of Venus explained, 243. Sup*- 
nor planets, 246. Their distanoei 
and periods, 247. Method fo&d»^ . ^ 
termitting their sidereal perio^V^ 
and distances, 24a Elliptic M||» 
ments of the planetary orbits, ffiL^ 
Their heliocentric and geocea^m 
places, 25a The four ultra-aodi- 
acal planets, discovered in 1801, 
261. The physical peeuliarilies, 
and probable condition of tha 
several planets, 262. Their ap- 
parent and real diameters, 265 
Their periods unalterable, 335. 
Their masses discovered inde- 
pendently of satellites, 347. 

Polar and horizontal points, 90s. 

Pole star, 46. Situation of, 89. 

Precession, its ^jrsical causes, 309L 

Projectiles, motion of; ^^22. Ciirvili* 
near path of; 222. 

R. 

Rays of light, refractitm of, 31 

Reflecting circle, 103. 

Reflection, angle oC equal to tne ot 
incidence, 91. 

Refraction, 31. Of the atmospheee ' 
31. Eflfects of, to raise all the 
heavenly bodies higher above the 
horizon in appearance than they 
are in reality, 32. General notions 
of its amount, and law of variation, 
34. Terrestrial refraction, 38 
Celestial refraction, 38. 

Repetition, principle of, invented by 
Borda, 103. 



Satellites, 272. Their motions round 
their primary analogous to those 
of the latter round the sun^ 274. 
Of Jupiter, 275. Their masses, 34a 

Saturn, iiis satellites, 281. 

Sea, action of the on the land, 117. 

Seasons, explanation of the, 186. 

Sextant and reflecting circle, 101 
Its optical property, 102. 

S-dereal clock, 62. 
'Sidereal year, 15a 
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flfaierm] time, reckoned by the di- 
nrnai motion of the stan, 62. 

Sinus, its intrinsic brilliancy, 355. 

Solar eclipses, 2Ua System, 231. 

Sfihere, celestial, 39. Projections 
of; 146. 

Stars, 52. Distance o^ frcNn the 
earth, 53. Sidereal time reckoned 
by the diurnal motion of the, 62. 
Visible by day, 65. Fixed and 
erratic 155. Their relative mag- 
nitude ; infinite number, 349. 
Their distribution in the heavens, 
351. Their distances, 352. The 
centres of planetary systems, 356. 
Periodical, 356. Temponury,35a 
Double, 360. Binary, 364. Their 
orbits elliptic, 365. Their colours, 
368. Their proper motions, 369. 
Clusters of, 373. Globular clus- 
ters of, 374. Irreffuiar clusters of) 
375. Nebulous, 377. 

Sun, apparent motion of the, not 
uniform, 176. Its apparent diame- 
ter also variable, 177. Its orbit 
not circular, but elliptical, 177. 
Variation of its distance, 179. Its 
apparent annual motion, 180. 
Farallax of, 180. Its distance and 
magnitude, 183. Dimensions and 
rotation of, 184. Mean and true 
longitude of, 192. Equation of its 
centre, 193. Physical constitution 
o€, 197. Density of; force of gra- 
vity on its surface, 227. The dis- 
turoing effect of^ on the moon's 
motion, 228. 
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IVible, exhibiting degrees in difler- 
ent latitudes, expressed in British 



standard feet, aa renilting from 

actual measiurement. 111. 
Telescope, 85. Applirsation oC, the 

grand aource«of all the preciaion 

of modem astronomy, 86. Di^r- 

ences of dechuation meaauied bv, 

87. 
Terrestrial refractioD, 38. 
Theodolite, construction of the, 144. 
Tides, their physical cause, 314. 
'Hme, measurement <^ 78l Its 

measures, 381. 
Trade-winds, 124, Explanation of 

tiiis phenomencm, 125. Compan- 

sation of^ 127. 
Transit instrument, 76. 
TrigTiometrical survey, 14^2. 
Tropical and anonalistie yean, 19& 
Twiliffht caused by the reflectioo 

of the sun and the moon on tbt 

atnios{^ere, 35. 

U. 

Uranographical pioblens, 173L 
Uranography, 151. 
Urauus, his satellitea^ 88& 

V. 

Variations, periodic and aeciiUur 
320. 



Y. 

Year, trojiical, the civil 
.time, 381. Sidereal, 381. 



Zodiac, the, 157. 
Zodiacal light, 38a 



QUESTIONS 
TO THE INTRODUCTION 



( l)->How sliould a student endeavour to prepare his mind for the reception 
of truth? 

(2)— Why is this preparation necessary in Astronomy ? Illustrate this re- 
mark with respect to the earth— the sun and moon — the planets. 

(3)— What is taken for granted in the conduct of this volume ? What ad- 
vantage ariseei from this assumption ? 

(4)— What kind of method is adopted by the author ? Why is such a course 
coneidered practicable? why eligible? 

rWhat system is taken for granted from the onset ? 
What preliminary knowledge is necessary? Where can it be oh* 
tained ? 
fTW What is necessary for admission to the temple of seier.ce ? 
(8)— What advantage will a finished student derive from a plain treatisa 

like this? 
(D) — What deficiency is sometimes felt by the mathematical student ? How 

may this deficiency be remedied ? 
(10)— What is the aim of this treatise? What causes the indistinetnew 
of most treatises on tliis subject ? 

aUESTIONS TO CHAPTER 1. 

(11)— >What is the meaning of the word astronomy? What was the an- 
cient meaning of astrology ? 

(12)— What is the chief object of the astronomer's consideration? From 
what does it dorive its importance ? 

(13)— Why does it seem strange to class the earth among the heavenly 
bodies? What is the fintt step towards obtaining sound know- 
ledge I 

(14)— What is meant by sitting still upon the earth ? Are the movementt 
that we perceive among the stars real ? Of what importance is the 
question of the earth being at rest? 

(15)— What is the nature of this motion of the earth? Why do we per- 
ceive no jerks nor shocks ? Give the example. 

(16}— Illustrate this by appearances on ship board. 

(17)— Give a fUrther illustration from the appearance of a landscape while 
riding rapidly through it. What name is given to such motions ? 

(18)— What prejudice must first be got rid of? Prove this to be a preju« 
dice by the daily motion of th& sun, moon, and stars. Has the 
earth any under side ? 

(19)— What is next in importance after conceiving that the earth has no 
foundation ? 

(20)— Can the land be seen to be round ? Is this the case with the surface 
of the sea? How is it shown that the earth's surface is circular? 
What is such an instrument called ? 

(21) — How does the earth appear from mount iGtna ? What is the effect 
upon its apparejit size? what on the absolute quantity seen ? 

(22)— Are these appearances universal ? What inference is drawn ? 

(23)— Illustrate the roundness of the earth by the diatrram. 

(24)— What is meant by the dip of the horizon ? What relations have 
the plun^iine and the spirit-level line to each other? 

(25)— What is the Ist general inference drawn from the foregoing explana- 
tions? What is the 3d? 

(26)— What part of objects is seen beyond the ofllng at sea? Describe 
the appearance of a ship at sea receding f^om a station. 

(27)— Illustrate the diagram. What general principle is involved 7 
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^38)— Apply this reasoning to the approximate deterrainatton of the earth*! 

seuii-diametcr. 
(89)— How would the roughness on the earth's surface appear on a 16 inch 

clobe ? 

i 30)— How would the deepest mine be fepresented 7 
31)— How woiilil the ocean be represented? 
32)— Huvv high did Messrs. Biot and Gay-Lussac ascend? What part 

of tlip eartli's surface did they seeT What part is visiMe from 

mount iEttia? 
(33)— How are we raaiie sensible of an aseent fWnn the esrthf How tlu 

does the barometer fbli in ascending 1000 feet? HowbKhifl ^na? 

Mention the same particulars concerning Totopazi. What iafer> 

ence is drawn from these fkcts? Would then be any air at the 

height of 30 miles? 
(34)— What are clouds ? What is their greatest heiglit 1 
(35)— Describe the earth's atmosphere. 
(36)— Is there any limit to the atmosphere? 
(37)— Does the air become rarer in ascendhif ? Is this diMiibatioB aflbcied 

by mountains? 
(38)— What property does air possess in common with all transpsmrt me> 

dia ? Whaf^ffect has this transparency? 
(39>— Illustrate the refraction of the suceessiTv; strata or teyen hy the dla- 

trram. 
(40)— Slate the eflfect of refraction on all bodies. May the bbdies below 

the horiKon ever appear above? 
(41)— What cause* the difflcnlty in computing refraction? Bi Oe Hwat 

decrease of temperature known? Is that of iiK>isCBM> knoiwn ? What 

inconvenience follows? 
(4S)— What is the zenith? What is a table at refraction? Of what 

use? 
(43)— Mention severally the 1st, 2d, 3d and 41k gva€ral ■ uihia e eoBemUng 

refraction. What remark is made respMlinf flie asttiaf saoT 
(44)— Does refraction lengthen the day ? What eibet has it vpoB ffke light 

of the sun or moon after they are set ? How is tltis ilN w li s ied hf 

the course of a sunbeam penetrating tkMOf^ m cMnk in * window 

shutter ? How is the phenomenon of the ^^ sun drawing water** 

explained ? Illustrate this by the diagrasa. 
(45y~Of what advantage is the retleetive and seattertng- p» w a s of tbe an*? 

How is this greatly increased in the day tinw 7 
(46)— What is terrestrial reflracfion ? 
(47)— How is the sun's figure distorted by reflraetion i^mo ifiinf f Sow is 

this explained ? Explain the dilated siae of the sn^oTM— a wkea 

near the horizon. How is this illusion eo r fecte d ? 
(48)— Bow is it shown that the luminaries in tts ricy mn baycai ttas al« 

mosphere ? 
(^)— How would a spectator naturally consider thea phMed 7 Of what 

use would this arrangement be ? Repeat the fOwpTiisn of tbe son 

and moon to the Ibre ground of a picture. 
(50)— How much more than a hemisphere can be seen at onee by aneendinf 

to a ereat height ? Relate the anecdote of Mr. BbdlCT's aaoaat is 

a balloon, and the si?ht of a western snnrise fVom IIm note. 
(51) — What new celestial obiocts come to view in iraselting sonA from 

London ? Illustrate this* by a dia?rww. 
{Si) — How would the appoarances in snrh a journey eompaiB wttb thnsa 

arising from the earth's rotation to a stationary obaonrer nn Iks 

earth ? 
(53)— What is the real eflf^ct of the rotation of the earth ? 

stars appear to move to one who considers kis koriaon 

less? 

(54)— If we suppose this motion unifbrm, what lepetitioas will oscarl "WOI 

these continue forever ? 
(55)— What grand phenomenon is thus pictured to as? Yn»% is Um Bsai^ 

ing of a period or periodicity T 
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QMD^WImU mm the two essential conditions of free rotation 7 Can forced 
rotation VWy from these conditions 1 

(57)— Does the diurnal motion of the heavenly bodies conform to these 
conditions ? How is this further confirmed ? What is said of the 
permanence of the axis of rotation ? 

(58)— In what situation does the author suppose an observer placed ? De- 
scribe the appearance of the heavens at night to such an observer. 
After a small interval, what change takes place ? 

(59)— Are all the circles described by the stars of the same magnitude ? De- 
scribe the apparent motion of the southern stars — the eastern, the 
northern. What remarkable point in the north, and what star near 
it? How may it be known ? 

(GO) — ^Do the stars always maintain the same relative position in the con- 
stellations ? 
-What may be learned by watching during a long winter's evening? 
-Where are the stars which never set ? Those which never rise ? 
-How may a person obtain sight of the latter ? 
-When he arrives at the equator, how will the stars appear ? Will 
any be invisible ? 

f65)— What will be the appearance if be travels further south? 

(66)— If he travels northward from his original station, what appearance ? 
Can he arrive at the north pole, or south pole ? 

(67)— What hypothesis do the above remarks explain ? 

(68)— Dhistrate by the diagram the apparent change of place of an object 
from a motion of the beholder. 

(69)— What is this apparent change called ? How expressed ? 

(70)— How does this parallactic motion vary with the distance of the ob- 
ject ? Illustrate this by a walk in alpine regions. 

(71) — Prove by the diagram that the stars are immensely distant. Is any 
parallax perceptible in their diurnal motion ? 

(73) — Describe the apparent change of place of land objects to an observer 
moving in a small circle. How small a circle may thus be made 
sensible by instruments ? Have similar observations been applied 
to the stars ? What conclusion follows ? 

(73) — ^Would the earth be perceptible at the distance of the stars? Would 
the planes drawn through the eye of the observer and the centre of 
the earth be confounded at the stars? To what is this compared ? 

(74)— What are these two planes called ? Are the same number of stars 
above each ? 

(75)— Is there any difference in appearance whether the earth revolves on 
Its axis, or the heavens revolve round it on the same axis in an op- 
posite direction ? 

(76)— Which opinion does the Copernican astronomy adopt ? What move- 
ments are incompatible with the other opinion ? Does the author 
take it for granted that the earth revolves on its axis ? 
-What is the axis of the earth? 

{76)- Poles? 

r79) — What is the sphere of the heavens? 

(SOy— Zenith and ^atUr ? Of what lines are they the vanishing^ points ? Of 
what planes is the celestial horizon the vanishing Une or plane? 

(81)— What are vertical circles? How are altitudes and zenith distances 
measured ? 

(88)— Poles of the Heavens ? 

(83) — Define the earth's equator. Its plane. The celestial equator. What 
is it called by astronomers ? 

(84)— Define the terrestrial meridian. Celestial meridian. Plane of the 
meridian. Meridian line. 
-AztmitfA. Altitude. 
-Latitude of a place. 
-Parallels of latitude. 

-What is the longitude of a place on the earth's surface ? What is the 
meridian of English astronomers and geographers? What other 
meridian it eometimes adopted ? What does the author adopt ? 
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What is lonffitude, then, with bim? How it UOUuie rcekoTiedf 
How hngUuael How does the author rfeckoa lomptude, and ut 
Yiw others to reckon it 1 What is the longitude of Paris reckoned 
this way? 

(89WHow mav a map of the earth be constmcted ? 

(90)— Does a gliobc exhibit the true place of the stars T Are the celestial 
meridians fixed ? In geograpkf places are designated by tlseir lati- 
tudes and longitvdea. What are the same arcs termed in nrantgr^ 
pkp 1 What name is given to the equator in the heavens? to those 
circles in the heavens that are vurHiona on the earth ? to the in* 
eluded angles at the pole 1 What misfortune is there in the names 
used by the early astronomers 7 Can this now be reroe(fl«d 1 What 
caution is given, and what course reeonuaended to Aiture astro- 
nomers ? 

(91)— What is the lero point for right ascensions ? How are right ascea* 
sioiis reckoned ? What two kinds of measure are used ? 

(93)'-What is sidereal time ? sidereal day 7 sidereal clock ? what is its oseT 

(93)»IUu8trate by the diagram the earth's peles, equaUTy parmUeU of lati* 
tude, elevated pole. 

(iM)— Ulustrate by the diagram the following parts : celestial horizon, Oe- 
vated And depressed poles, aRitude of the poU^ meridian^ egmiuoetiol^ 
right ascension, declinatioti, polar distance, hour circle, vertical circU, 
parallels of declination, cirde of perpetual apparitisti, perpetual 
oecultation. 

(95)— Prove firom these diagrams that the altitude of the pole is the specta* 
tor's latitude. 

(96)— How is the interval in sidereal time between a starts arrival at two 
different terrestrial meridians measured? 

(97) — Fice versa.— VHiat is the measure in sido'eal time of the interval be* 
tween two diflferent stars arriving at the tame naeridian ? 

(98)— How does the equinoctial intersect the east and west pointa of ths 
horizon ? how the meridian ? 

f99)— Explain the word culmination. Do all the heavenly bodies culminate? 

1 100)— What celestial objects have an upper and fnrrr mlminmtwm T 

(101)— What remarkable facts are stated in this section ? 

CHAPTER II. 

(103)— To what has the first chapter been devoted ? What win oow At 
desirable? 

(103)— What is said of astronomical instrument making ? Bow small an 
angle can be rendered distinctly visible ? What part of radius is 
one second ? Hnw laree would one second appear on a circle of 
six f(>et diameter? Has a circle ever been divided into de gi et a 
with perfect accuracy ? If it could be so divided, would t!M divi- 
sion be permanent ? How must the astronooier remedy the im- 
perfections of instruments ? 

[104)— To what principle must the attention of the astronomer be dincteiT 

[105)— Mention the first cause of error. 

|l06)— Mention the second cause of error. 
107)— Mention the fir^^t subdivision of the third. Give an example. 

[108)— Mention the other subIivi*<ion. What are such errora calleo? Bfea- 
tion the most important of this class of errors. 

(lOQ)— What is the mode of subduing or dcstrojring the errom of the fint 
two classes ? 

(110)— What remarkable declaration does the author make 7 What ia Iha 
' ultimate means of detection of those errors ? 

(Ill)— How are ^ross results obtaihed? How are the aoBonUnato law* 
first shadowed forth ? 

(112)— When other di«rordances first strike na how do we p roc ee d 7 WftM 
do we detect in this way ? 

(113)— Wr»at is a chinf re<iui*itewith the practical astronomer? Row am 
the errors of occentricitg conected 1 Whif oUlV t» v^«*»**i*>» if 
given? 
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(114)'How tre tke eirdes of the diurnal motioB aflbeted bjr refraction 7 

If tbis an instrumental error or natural law I How mui^ it to 

allowed for 7 
(115/— What other natural law is shown by instruments 7 How many 

mean solar hours, minutes, and Seconds in a sidereal day or 34 si' 

dereal hours ? Ans. 523 A. 56 m. 4.0i) *. How long is a lunar day t 
(116)— Do all stars give the same sidereal day ? How then must the solar 

and lunar days be regarded ? 
(117)— How may these facts be established ? 
(118) — Does the solar day vary in length 7 Give an example. What is fhe- 

mean solar day! What instrument best i>hows these variations? 

What comparison is made of the mean solar day 7 
(119)— Explain the difference between civil and astronomical reckoninf . 
(120) — What other kind of time is alluded to 7 

(121) — In what two ways is time an essential element in astronomy 7 
(122) — How is time measured? Describe these instruments? How does 

Captain Kater use the clepsydra 7 
(123) — ^What are the principal instruments for measuring time? To what 

perfection are they brought ? What is chronology 7 What chro- 

nometry 7 
(124)— What is meant by the eulmination or transit of a star 7 What use 

can he made of it 7 
(125)— Describe the transit instrument How is it made horizontal 7 Give 

a definition of a meridian mark, meridian Une, and line of coUima- 

Hon. 
(126) — Describe the wires in the field of view. Why are five wires placed 

there 7 
(127)— How is the place of the instrument verified by reversing? How 

near to the meridian may tht; middle wire be made to move 7 
(128)— Describe the graduntf^d circle in the diagram. How could we mea- 
sure an angular interval by this instrument 7 
(129) — In what other way may the same be accomplished 7 
(130) — Describe the different indexes. How is the last used 7 
(131)— Mention the three circumstances upon which the exactness of this 

result depends. What is remarked of the art of graduation 7 

What is said about pointing the tube to the object 7 How is thia 

dnrie in the greatest perfection 7 
(132) — What remarks are made respecting this application of the telescope? 

Who invented it 7 
(133)— Can the above mode be applied to celestial objects 7 Can it be-ap- 

plied to the intervals of the diurnal circles? In what manner 7 
[134)— Describe the mural circle. 

ri35)— What angles are measured by the mural circle 7 
[136)— Illustrate by the diagram the means of measuring ;?o/(ir distances bjr 

the mural circle. 
(137)— What use is made of the pole star 7 Can it be seen in the day time? 

What error of the transit can be determined by it 7 
(138)- -Mention the various Uses of the polar point on the mural circle. 
(139) — What other important point on the mural circle 7 How is this as- 

certained ? What is the fluid surface called 7 
(140) — Describe the transit circle or meridian circle. 
(141) — Mention the four instruments used to determine the horizontal point. 

Describe the plumb line. 
(142)— Describe the level and its use. How accurate are its indications 7 
(143)— Describe the mode of determining by a level the horizontal point of 

a eraduated circle. 

! 144)— Describe the floating collimator, and the mode of using it. 
145)— Why are transits aiid mural circles used only on the meridian 7 
146)— In what three ways may a point on a sphere be determined by re- 
ferring it to co-ordinal es? i 
(K/)— How may an object be observed at any point in its dittinal oooise ? 

Describe such an instrument, 
f J46)->Illu8trate it by the diagram. 
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149)— Deaeribtt the flnt position in monntinf sucb an inBtroment. 

150)— Wbat is it called ? What renders it easily manafod 7 

15])— What is the other position ? What is this instrument called 7 

152)— How is the south point determined on such an instrument 7 

153)— What is this method called 7 Describe it. 

154) — Mention one of the chief purposes of this instrument. 

155)— Describe the zenith sector, and the theodolite. 

15C) — What instrument serves to measure angular distances in all posi 
tions ? 

(157)— Describe this by the diagram. 

(158)— To what very important purposes is this applied? How must the 
altitude above the sea-offing be corrected ? 

(150) — What other elegant instrument is mentioned? 
(1()0) — Illui«trate Borda's invention of the principle of repetition. In what 
manner may errors be diminished and almost removed by this in- 
strument? What remarks does the author mak« concerning re- 
peating circles, at the close of the chapter ? 

CHAPTER III. 

(161) — Of what consequence is geography to an astronomer 7 
(162)— Define geography. What is astronomical geography ? 
(163)— Is the earth really spherical ? How far does it deviate from sphere 7 

What name is given to the form of it ? 
164)- Which section of the earth is circular ? Which elliptical 7 
165) — Describe the mode of determining the circumference of the earth. 
166) — What two things are requisite to be known 7 
167)— What marks help to determine de^ees on the earth 7 How are Ibej 

used ? What condition is mentioned ? 
168)— Must the measure be made on the meridioM? 
169) — How is this method modified in practice ? 
170)— How is the error from refraction obviated? 
171)— What is the limit of error in tliis measurement 7 
172)— What infl^rence is made from the arcs measured in dillbrent lati* 

tudes ? 
173)— Illustrate the diagram. 
174) — At what conclusion does the author arrive respecting a wentfmia/ 

section ? How does he derive this conclusion 7 
(175)— Do plumb lines always point to the centre of the earth 7 Dliutrate 

this truth by the diagram. 
(176)— What is the simplest form of a flattened figure 7 To what figare 
does the earth conform ? What is the length of the e^umtorial ii- 
anietcr in miles ? What of the p<dar ? What is tlw di^renoe 
called ? How much is it ? 
(177)— How many thousand feet is a meridional degree 7 How manj tboa- 

sand miles in an equatorial circumference? 
(178)— What is thence inferred to be the figure of .the earth 7 
(179)— How does this agree with theory ? Mention the steps o( the ilh»- 

tration. 
(180)— What is the figure of equilibrium of water in a whirling bucket 7 
(181)— Apply similar reasoning to the shape of an earth rotating on iti 

axis. How does this case differ from the former ? 
(182) — ^What illustrations are afforded by geology? Dues land graduany 
assume the form of equilibrium ? How would this change alftct 
an earth at rest ? How an earth in rotation 7 
(183) — What restriction in this reasoning is mentioned? 
(184) — What is the amount of centrifugal force at the equatinr? Rowdoea 
this affect the weight of the water at the equator? How at the 
poles? What should we conclude a priori? Would this ooadv- 
sion be correct ? 
(185)— Who first discovered and computed this deviation from a sphere f 
(186) — What obvious consequence follows from this discovery 7 Row dotf 

gravity vary from the equator to the poles ? By what law 7 
(167)— Could this variation of gravity be measured by the ataelyaidir 
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riSRV- Aliistrate the diagram. 

(lci9>— Illustrate the figure. Could the change of gravity be thtis deter- 
mined ? ^ 

(I'.iO)— What is the othor method? What instance is given ? What would 
a biHiy, wei^liiiig 10,000 lbs. at the equator, weigh when transport- 
ed to London f 

(191)— What is the result of the pendulum exprriments? How does this 
ditfoT from the number denoting centrifugal force at the equa- 
tor? 

flt>2WExplain the origin of this difference. 

(li)3)— Give Newton's definition of gravity. How does this operate in a 
splierc ? I n an ellipsoid ? ^Ipw docs it operate upon the equatorial 7 
how on the polar parts ? vvhat is the difference ? 

Q94) What are the two causes of the trade winds ? 

(195) What currents does the sun produce in the atmosphere where it i« 
vertical ? How does the place where it is vertical vary ? 

(19G) Why does air removed from the poles towards the equator assume 
a westerly direction ? What winds are thus caused ? 

(197) How might a hurricane be caused ? Dues the land ever intercept 
the passage of the air incumbent on it ? 



ri98) What follows fVom this ? 



Wha^ would then result ? What do these srial currents consti- 
tute? 

(200) How does the compensation take place? What winds does this 
compensation produce ? 

(201) — How IS a point determined on the earth's surfhce 7 

(2C8>— What would latitude then be ? What confusion follows fVom the 
earth's form of an ellipsoid? What more general definition ie 
given? 

(203) — Is the longitude of a place as easily determined as the latitude 7 
Why not ? 

(204^ — What general proposition is stated ? How is it illustrated 7 

f205)— How is this dinerence of the cases stated ? 

(20u)— What is tlie difl&rence between loceU and absolute time ? How is a 
si^lereal clock regulated ? Is sidereal time local ? Is mean solar 
time local ? What kind of time is absolute ? 

r207V— Describe the operation of getting local time. 

(-208)— How much would two clocks regulated at different meridians difi^ 
if brought together ? 

r20')) — Since clocks cannot be moved, what substitute can be used ? 

^10) — Describe the process of determining longitudes by a perfect chro- 
nometer. How does a chronometer vary fVom local time goiof 
westward ? how eastward ? 

(211) — What singular circumstance happens to a traveller who goes west- 
ward round the globe ? what eastward ? What confusion in datee 
may exist in di£>rent settlements on the same meridian ? 

(212)— Can chronometers be relied on implicitly? Cau this inconvenience 
be entirely obviated by using many chronometers? 
}ive the example of the use of telegraphic signals. 
-How may their accuracy be increased ? 

-How fUr may explosions of rockets be seen at sea? How for may 
flashes of gunpowdor be seen on land ? 

(216^ — Df.'scribe the method of using a series of stations and signals. 

(217)— What use can be made of meteors? 

(!ii]6)— What advantage do the eclipses Of Jupiter's satellites present? 
What limit i^ii there to this method? 

!219) — What are the a.lvaiita?os of the lunar method ? 
220)— Illustrate this metlMKl by the^hand moving over a dial plate. 
^1) — If the intervals were unequal, baadt: arcciitric, motion not uniform, 
what would be the first requisite ? What the second — what the 
third ? 
(392)— Apply these remarks to the motion of the moon among the start. 
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C333)— What farther circumstance would complete the analogy T What ii 
parallax 7 

(331)— Give the full comparison of the lunar theory with this clock. What 
can an observer accomplish by measuring the nuan's angular dis- 
tatice from a standard star ? 

(225)— How might maps of a country be constructed? Describe the method 
of triangulating a country. 

(226) — Tllustrate this mi^thod by a diagram. 

(227)— What is the first remark on this process ? What triangles near the 
base must be avoided ? How long may the sides be at a great dis- 
tance from the base ? 

(228)— What is the second remark ? Is ^eduction to the horizon reqnired? 
Illustrate the use of the theodlVe by the diagram. What ia spk»- 
rical excess ? What does it prove ? 

(229)— How may we best conceive of the subject? What angles does the 
theodolite give ? By what rule are the calculations rendered sim- 
ple? 

(230)— what is the result of such an operation ? 

(231)— What is a map ? 

(232)— How many kinds of projections ? Dlustrate the orUu^apHc pro- 
jection by the diagram. 

(233^ — Illustrate the stereograpAic projection. What advantage has it ? 

(234)— What is the first geometrical property mentioned ? Vnuit the se> 
cond? 

(235) — Describe Mercator's projection. What defect has it T 

(236) — What great result of maritime discovery is mentioned? How is 
London situated in the terrestrial hemisphere ? Of what import- 
ance is this fact in astronomy? 

(237)— What is further requisite to complete our knowledge of the earths 
surrace ? How may the depth of the ocean be determined? What 
two ways of determining the level of a land statioa ? 

(238)— Explain the diagram. 

(239)— How are strata of equal density distributed over Che surface of the 
globe ? How may the heights of two stations be referred to the 
same strata ? 

(240)— How are the bottoms of valleys and the ridge lines of faiUs da- 
termined ? 

CHAPTER IV. 

(241)— What is said of the facility of determining the place of the heaven- 
ly bodies ? How does this task compare with that of makiBf 
maps of towns and villages ? 

(242)— What more simple method may be used ? 

(243)— What are the three great advantages of the method of meridian ob- 
servations ? Are the calculations easier? 

(244)— Wlint is necessary to determine the right ascension of a eelestial 
object? How can the rate of a sidereal clock be determined? 
How its error? 

(245)— Is the equinox an arbitrary point ? May any star be taken u a 
zero point in practice? 

(246)— What are the two ways of determining deeUnaUmi t What eonec- 
tions are required ? 

(247)— What important question arises here ? 

(248)— How may the moon be shown to muve among the stars ? How tha 
sun ? Do any other bodies move? 

(249)— What is said of the fixedness of the great multitude of the starif 
What excnptions are there ? What are these exceptions called f 

^250)— What classification does this circumstance establish? 

(251)— Give a definition of uranoffraphy. What caution is given to tiw 
reader ? What is meant by the »eeular variations of these poinli 
and lines? 

'S52)— What does the author say about the artidcial figures made oaflobif 
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(iS3)— What reniarkable natural distinetioiu are there ? Seeeribe the '. 

waff. How does it appear in a powerfiil telescope ? 
(854)— What is the zodiac ? What the ecliptic ? How inclined to the 

equinoctial? How far does the zodiae extend each side of the 

ecliptic ? 
(255WWhat body has the simplest apparent motion ? 
(25G)— What is the amount of the sidereal year expressed in mean solar 

time? Express it in sidereal time. Explain the cause of this dir 

ference. 
S57)— Is the place of the ecliptic among the stars invariable ? What 

limitation? 
(358)— Illustrate by the diagram the poles of tho eeliptie. The poles of the 

equinoctial. The vernal auid autumnal equinoxes. The two sol- 
stices. The two colures. 
(359)— Illustrate by the diagram circles of latitude, tAsOy^atitude and lon- 
gitude. 
(960)— How does spherical trigonometry enable us to determine longitude 

and latitude, from knowing the right ascension and declination? 
(361) — ^What is the zero point of rifiht ascension ? What motion has this 

point ? How much in a year ? How much since catalogues were 

first made ? How long to complete a tour? 
r363)— Describe the effect of this recession upon the longitudes of stars. 
(263) — How may we form a Just idea of this phenomenon ? 
(264) — How is the place of the pole determined among the stars? What 

two motions has it, and what are they called? 
(265)— Describe the first or uniform motion of the pole. How does this 

correspond with the recession of the equinoxes ? 
(266) — What familiar illustration is given ? Does the polar point on the 

earth's surface move ? What two facts prove this ? 
(267)— How fkr is the star called the pole star from the pole ? Ans. lo 34'. 

How near will it approach the pole ? When will a Lyre become 

pole star ? 
(268 — Mention the amount of the earth's nutation. Does this a^ct the 

longitudes and right ascensions of stars ? 
(269)— Describe the result of these combined motions. 
(270)— Do the sun and planets have this motion ? How then is it caused ? 
(271) — What is understood when we speak of the right ascension and de- 
clination of a body? What is meant by equating an observation ? 
(272)— niustrate by the diagram the mode of computing these changes. 
(273)— What is the lurecession in longitude and latitude ? What is nuta 

tton in the same? 
(274) — What remark is made about sidereal time ? 
(275)— Do prec«»ssion and nutation change the place of objects compared 

with each other ? If there any optical cause of such change ? 
^376) — Repeat the illustration in this section. 
(277)— How may our eyes or telescopes compare with such tubes ? What 

is this displacement called ? 
(278)— What is the amount of the angle of aberration ? How is it com- 
puted ? 
(279)— What is the law of its variation with the direction of the earth's 

motion in space ? 
(280)— What is the uranographical effect of aberration ? What effect on 

a particular star ? 
(381)— Who constructed the best tables for clearing the places of stars of all 

these effects ? Where have they been published ? 
(292)— What is the rule given by astronomical writers for computing 

aberration ? 
383)— Describe the five quantities under discussion. How many must be 

given to determine the others? 
-How do you determine the sidereal time of a star's rising or setting? 
-Illustrate the problem of equal altitudes. What is its use ? 
-What Is the nonagesimal point of the ecliptic? Illustrate by tho 

diagram the mode of computing its altitude and longitude. 




406 QUKSTIOirfi OH . ASTRONOMY. 

(S87)— WbaC ii the angle of situation of a Btar ? 
(3t)8;— Mention tlie practical maxim bere given. 

CHAPTER V. 

(289)— What ig the plane of the ecliptic ? 

(2U0)— Is the aiiirs motion in right ascension uniform 7 What is its meto 
motion in longitude ? Mention the limits. 

^"Qiy^What is a helwmeter? When is the sun's disc greatest? when leartf 
Calling the sun's mrtan distance 1.00000, what are its limits? What 
law between its distance and apparent angular motion ? 

(S92)— Illustrate the sun's real orbit as referred to the earth. What is the 
eccentricity 7 What figure do we obtain by tracing the sun's ob- 
served motion in longitude, compared with his distance as deter> 
mined by his apparent disc ? Does this result correspond with the 
properties of the ellipse ? 

(393) — Compare tosether the extremes of the sun's distance, and the ex- 
tremes of bis velocity, and deduce the law between them. What 
is this law ? Is it general ? 

^394V— What remarkable conclusion is deduced ? 

(295)— What three circumstances combine to render the computation of the 
sun's longitude from theory difiicult? Who first discovered the 
law that connects them togetlK>r? What is the radiua vector? 
What is the remarkable law concerning it 1 

f296)— What follows when the times are unequal ? 

i297) — Sum up the circumstances of the sun's apparent annual notion. 

f 298J— What is parallax ? Of what use is the knowledge of it ? 

(299)— What is the astronomical acceptation of parallax 7 What reduction 
does this n^quire in observations 7 What further distinctions ass 
niade ? 

f300)— What is the effect of parallax? 

(301)— What is horizontal parallax ? How is the parallax at anv altitnde 
determined when the horizontal parallax is known 7 £fow is the 
horizontal parallax determined ? 

(302)— Describe the circumstances under which two observer* might deter 
mine the sun's parallax. 

(303)— When not on the same meridian, how could they compare their ob- 
servations ? 

(304)— What is the horizontal parallax so resulting 7 How far ofT fflut 
the sun be 7 

(305) — How is the sun's magnitude determined? What is its diameter? 
How does this compare with the earth's diameter 7 How does its 
bulk compare with the earth's bulk ? 

(306)— Give the reason why it appears that the sun does not revolve around 
the earth. 

(307)— Do the stars suffer any parallactic displacement from this notioB 7 
Where is the centre of gravity of the sun and earth situated 7 

f30B)— What is the Copernican view of the system? 

(30-^)- In the earth's annual motion what is the position of the earth*s axis? 

f 310)— Explain the equinores. 

(31li— Explain tlie northern eolstice, and aretk eireU; the antarrtic dnU. 

(312)— What is remarked of places bntwcRn these circles at the nonbern 
or summer solstice? How are these phenomena changed wIms 
the sun is in the southern or winter sobtice? 

f31 3)— Explain the change of neaiions. 

ni4^ — Are these chanees really observed ? Explain the word toleties. 

(315)— Has the elliptic form of the earth's orbit mach elfect on theaeaeoe? 
Prove that equal amounts of heat are ri>c-Mvcd from the sun fa 
IMissiiiff through equal angles about it. What important eoMia- 
sion is mentioned at th«; end of this section 7 

(316)— To what fixed point does ttH" author refer the position and orbita 
of the heavenly bo4lie8 ? What is the geocentric and what tlii 
heliocentrie place of a body ? What is underHtood b)* 
lonffittuUs and latitudes ? 



QUS8T10SS oir ASTROHcnnr. 407 

fUT)— WlMt it tb« amoont of the ■unVi heHaemOH* IgfifiHb wM kmgftudtt 

How niay we «M>iicei ve of tbe kelweentrU mniIimoem and aabtuis t 
(3t^— Explain by the diagram tbe plac« of the penhelion. Where was it 

in 1800? What motion baa it ? 
(319>— What is the m§an longitude of the earth ? Does its true place differ 

from this ? How may the correction be computed 7 When do the 

true and mtian longitudes agree ? 
(3S0)— What is their difference called? How is it applied? What is its 

maximum value ? 
(321) — How is the sun^s true place in the ecliptic determined ? 
(393)— How is the equation of centre determined by observation? How 

does this give the eoeentrtcity ? What coincidence is mentioned ? 
(3S3) — ^What is apparent noon ? What is mean noon 7 What ia the first 

cause of their diflisrence 7 What the second ? 
(33i) — What fluctuation do these two causes produce 7 What is the differ- 
ence called ? Where published ? 
(335)-~What are the tropics ? How are the two named ? How many signs 

are there ? Name them. Make a drawing of their symbols. How 

is the ecliptic divided 7 
(326)— What are the two frigid zones 7 Are zones of latitude and climate 

alike? 
(997)— Explain the cause of difl^rence between the ritUreal and tropical 

year. What is the amount of each ? 
(3S8^£xplain the anomalistic year. What is the amount 7 
(339)— Give the comparison stated in the early part of the section. What 

triumj^ of astronomy is alluded to 7 
(330)— Describe the spots on the sun. What motion have theyf Describe 

their size and fluctuations. What is said of the part of the sun's 

disc not occupied by spots 7 
f331V-What are facute ? 

i333)— Hnw did Sir William Herschel explain these spots ? 
(333) — Mention the region of the sun's spots. The inclination of the sun's 

equator to the ecliptic— their point of intersection- length of sun's 

period of rotation. 
(334)— State the first indication that the temperature of the visible surface 

of the sun is very elevated— the second— the third— what infer- 
ence respecting the body of the sun ? 
rsSSV-Explain the cause of the agitation of the fluids on the sun's surfluw. 
(336) — Enumerate the various motions on the earth's surface— caused by 

the sun's heat. 
(337)— What conjecture does the author give respecting the supply of this 

heat? 

CHAPTER VI. 

(338)— Mention the apparent motion of the moon— its average period. 

(339) — Why is its orbit considered nearly circular ? 

(340; — What two ways of determining its distance 7 What is its mean 

distance from the earth ? Ck>muare its orbit with the sun's size. 
(341)— Explain by the diagram the mode of determining the moon's true 

distance from an observer. How then is its diameter determined? 

What is tlie amount of it ? Compare the moon's bulk with that 

of the earth. 
(342)— Show that the moon's orbit is elliptical. What is its eccentricity 7 
(343)_State the inclination of the moon's orbit to the ecliptic. Define its 

ascendtrtg and descending node,-— perigee and apogee — line o( apsides. 
(344)— How does the moon's orbit compare with the earth's 7 Illustrate the 

variation of the orbit by a diagram. 
(345)— How much do the moon's nodes retreat per day 7 How long is the 

period of tlieir entire revolution ? What stars in this period must 

at some time lie in its path ? What disi^acement of the moon's 

latitude is eflfected in a month 7 
(346)— What conclusion follows resi>erting occuUatwnsJ How much does 

2L 
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INiralIaz Increase this limit far the MurfacB of the earth ? Describe 

an ecJipee of the sun. Describe a total eclipae — an mnnulur tclips*. 
(9i7) — When do solar eclipses happen ? Why are there not ecIip«cB ev<'ry 

conjunction ? What is the limit of solar eclipses? Explain the 

diagram. How far may the moon be from the node at an eclipse 

of the sun? 
(348) — When is an occultation possible? 
(340)— What conclusions are drawn from the phenomena of solar eclipses 

and occultations ? Describe the phenomena of an occultation. 
(350)— Describe the changes in the appearance of the moon's disc eveiy 

month. 
(351)— Explain these changes by a diagram, and show that the sun is the 

source of the moon's light. 
(352)— Repeat the cause of the moon's phases. Explain the cause of our 

seeing the darker portion of the moon when new — and not seeing 

it when older. 
(353)— What is a lunar month? What is the synodical month? What 

causes it to exceed the sidereal month ? 
(354)— What is a lunar eclipse? When does it happen? How do lunar 

eclipses prove the earth's sphericity ? 
(355WExplain by the diagram the umhra and penumbra in an eclipse. 
(35(5)— Mention the phenomena of a lunar eclipse. When is a solar eclipse 

total ? When annular ? 
r357^— What remarkable period of eclipses is mentioned? 
(358)— Give the reason why a lunar eclipse is easily calculated ? 
r359)— What is required to determine the dimensions of the naoon*B shadow? 
(360)- What is meant by the revolution of the moon^s apaidea? How loDf 

is its period ? 
(361)— How may the moon's motion be best conceived? State the two 

revolutions of the ellipse itself. 
(362)— What is said of the moon's surface ? What n remarked of the va- 
riation of the length of the shadows of the lunar moontains? 

How high are these mountains? 
(363^— Give a particular description of lunar mountains, volcanoea, &c ? 
(3641— Give the author's remarks on the climate of the moon. 
(365)— How small a ppace on the moon can be seen? Is there any appear 

a nee of animals or vegetables ? 
(366)— Describe the lunar summer and winter. How ofYen does the BOim 

revolve on its axis? How much is the plane of this rotation ib- 

clined to the ecliptic ? 
(367) — Explain the moon's librations. 
(368)— What is the earth's appearance to an inhabitant tii tbe ■kmb 7 

CHAPTER VII. 

(369)— What is the object of this chapter? 

(370)— How do we get the idea of power or ea«MtJ0m? 

(371 )— What is gravity ? What its tendency ? 

(372) — Describe the motion of a stone thrown obliquely apwarda. What 

inquiries does it suggest ? 
(373)— What force is excited when a stone is whirted in a atinf? What 

might be supposed to take the place of the string in the case of a 

body revolving round the earth? What must be the period of 

a body revolving round the surikce in order that it may be 

kept up? 
(374) — ^What would be the period at the moon if gravity remains the aaiaef 

What must gravity be to only retain the moon in ita orbit witk 

its known period ? 
(375)— In what proportion then is gravity at the moon dininidied ? WbHI 

analogies confirm this ? 
(376)— State Newton's 'aw of universal gravitation. HowioM it VOtf 

to spheres ? 
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377)— Mention the carves in which bodies attracting each otlier must 

moYA AroiR these mutual attractions. What, is the rule fur the 

angnHar vUoeity ? ■ 
(S7i*)— How do these statements conform to observation ? 
(379)— What is stated as a measure of the sun's attractive enargy ? How 

many times is this greater thau the earth's attractive energy? 
r380^- Wtiat does this prove respecting the sun's mass ? The sun's aentitift 
(38l)— Compare the intensity of the sun's attraction at its surface with the 

earth's. 
(382)— Where is the centre of gravity of the earth and sun 7 Which may 

be considered stationary ? 
(383) — How may we conceive of the moon's and earth's motion about each 

other 7 And at the same time of their common motion round tlie 

sun ? 
(384)—- What disturbing effect does the sun's attraction exert upon the 

moon ? 
f3RS) — Repeat the example of two stones let fall on the earth. 
(386)— Enumwate the disturbing influences of the sun on the moon's mo« 

tion ? What are they called ? 

CHAPTER VIII. 

(387)— Mention, the names of the planets. 

(388)— What is said of their apparent geocentric motions 7 Mention the 

four uUra-iodiacal planets. 
(389) — How do we see these motions from the earth 7 
(390) — Illustrate these apparent motions by the diagram. Which ^s the 

greatest on the whole, the direct or retrograde motion 7 
(391)— What is remarked of the regularity of the period of a planet's 

passing its nodes 7 
(303)— what inference may be made from this circumstance? 
(393)— What natural supposition is here made 7 
^304)_How do planets appear in powerful telescopes? How may their 

sizeo and distances be estimated? 
(395)— Is there any relation observed between their apparent diameters 

and their elongations from the sun? Give the example of Mars. 
(396)— What is said of the phases of some of them 7 What inference is 

drawn from th>^se phases 7 
(30T^ — How may all the above appearances and motions be at once ex* 

plained 7 How do we determine the periodic time of a planet ? 
(398)— Describe the apparent motions of Mercury and Venus. Their 

transits. Describe their apparent motions after having passed 

the sun 
(390)— Illustrate the above by a diairram. 
(400)— What term is applied' lo Mercury and Venus, to distinguish them 

from the others? Explain their <;reatest eastern and iDestem 

elongations — their inferior and superior conjunctions. 
(401)— Illtistrate by the diagram the greatist elonfration seen in plan. 
(403)— Determine by means of this angle the radii of the earth's and Mer- 
cury's orbit. What arc the respective distances from the sun of 

Mercury, Venus, and the earth? 
(4(n)— How arc the sidereal periods of planets determined 7 What are 

those of Mercury and Venus? What are \hfi\t syvodical periods? 
(404)— Illustrate by the diagram the apparent motions of Mercury and 

Venn", knowing their radii and periods. 
405)— How fsfit do these planets move in their orbits ? Why are the re- 

troffrade motions slow, and the direct motions rapid 7 
(406) — How are their stationary points determined 7 What is the elonga- 
tion of these points for Mercury and Venus? 
(407) — Explain the phases of Morciiry and Venus. 
(408;— When is Venus brightest 7 Upon what does this brightness depend? 



410 Q;ossnoif8 on Asraoircnnr. 

(400)— How often do transits of Venus ooenrf Of what use are ttaeyf 

Explain the diagram. 
^410)— What is the duty of an observer of a transit of Venus ? 
(411)— Give an account of the observations of the last transit of Venus in 

17U9. What was the resulting parallax ? 
(412) — Prove that the orbits of Mercury and Venus are eccentric. 
(413)— Repeat the first proof that the other planets move iu orbits that en 

close that of the earth. The second proof. Which of them is 

sometimes gibbous? Explain this by the diagram. 
414)— When are the superior planets in retr^rade motion 1 How do 

their arcs of retrogradation vary? Show by the diagram the 

mode of determining the relative magnitudes of their orbits. 
(415)— What is the direct metiiod of determining the periods of the planet* ? 

What inconvenience has it ? State at length the indirect method. 

Through what interval have the observations been made ? Where 

are the results stated ? 
(416)— Give the author's remarks respecting their comparative periodical 

times and distances. Who first discovered the law .that connects 

them together ? State this law. 
(417)— What is this law called ? What is said of its importance ? 
(418)— Who established the laws of elliptic motion, aud tlie equable de- 
scription of areas ? Are they found to be general ? What small 

exceptions are mentioned? 
(419)— What is the direetion of the force that deflects the planets from their 

rectilinear course? Who proved that a body retained in its orbit 

by a central foree^ must describe equal areas in equal times ? Ilius- 

trate this law by a string and bullet. 
(^0) — What law does the second law of Ke|rier involve T How may a 

deflecting force be ascertained ? Illustrate this by an experimeaL 

What are the three steps of investigation of the lots of force ? 

Mention the experiment with a magnet. 
(421)— What general principle is involved in Kepler^ third law? How is 

thisshown in Newton's Principia? What restrictions are necessary? 
(4S2) — What three things are requisite to compare the tIemeniB of a plaacti 

orbit with observation ? 
f423) — How are the magnitude and form of an ellipse determined ? 
(424)— What plane is used as a ground plane? What are the first two 

elements required ? What do they determine ? What is the thiri 

element ? 
(426)— What are the two remaining elements ? What other naipe is given 

to the latter ? 
(426)— What is meant by the kelioeentrie^ and what by the g—eemtric plaot 

of a planet ? 
(427)— Illustrate these elements by a diagram. 

(428)— What is a planet's true anomaly f What diflkulty in finding it ? 
(429)— Explain the method of determining a planet's kelioenUrie l»ugilmd$ 

and latitude. 
(430)— Explain the geocentric place of a planet. 
(431)— lilustratc this by a diagram. 
(432)— Give the method of computing the geoeeniric longitude and ImUtmit 

of a planet. 
(433)— What is remarked of these calculations and their reaults? 
(434) — What planets have been long kuown ? When, and hy whon wM 

Uranus discovered ? Name the discoverers of Cerea, Juno, Mlaa. 

and Vesta. Give an account of Bode's coQJectare on thia au^faol 

before their discovery. 
434) — What three principal features affect the nature of animal Kfe, If 

there be any on the planets ? How does the intensity of heat 

vary ? How the gravitating power at the surfhce? What la i% 

marked of Saturn's density? 
(436)— What is the telescopic appearance of Mercury? What of VaBMt 

Show that they revolve on their axes. 
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fl37V— Give the author's remark? about Mare. 

(438>— How lAuch larger than the earth is Jupiter 1 How many satellitet, 

and what is said of theih ? 
(490)— What is said of his belts ? How often does he revolve on his axis ? 

What is his oblateness ? What remarkable confirmation of the 

theory of gravity does this obiateness give 7 
f440V- Give the further remarks concerning the belts. 
(441)->What is the comparative size of Saturn ? How many satellites? 

Describe the ring. 
(442) — What is remarked concerning the appearance and disappearance 

of the ring? 
(443)— How is this arch sustained from falling in ? Ts it probable that the 

two rings revolve on their axis in the same time ? 
(444)— What oscillation is observed in the ring ? Is this necessary for sta* 

bie equilibrium? What simple illustration is given ? 
(445)— What further remark does the author make concerning the equilib- 
rium uf the rings? 
(446) — What appearances do Saturn's rings present to his own inhabitants? 

How long may solar eclipses last at Saturn ? 
(447WWhat is said of Uranus ? How many satellites has he ? 
(448) — What interesting remarks are made concerning Pallas ? 
(44yd)— Oive the author's illustrations of the size of the planets, and their 

distance from the sun. 

CHAPTER IX. 

(450)— Repeat the author's remarks concerning the earth's and moon's mo* 

tions round the sun. 
(451)— Describe the real curve passed over by the moon. Explain the sun's 

menstrual equation. 
(453) — Why does not the moon leave the earth, and become an independ« 

ent planet ? 
(453) — How is it shown that the sun's attraction upon tlie moon is greater 

than the earth's ? How much greater ? 
(454) — Deduce from this result the comparative mass of the sun, the earth 

being unity. 
(455)— What further applications of this method have been made ? 
(456) — How many .satellites has Saturn ? Uranus ? How do Kepler's lawi 

. apply to the motion of satellites around their primaries? 
(457)— Of what use are eclipses of Jupiter's satellites ? 
(458) — Give the author's remarks concerning transits of shadows over Ju- 

piXer's disc. 
(459) — 'n-ace the analogy between lunar eclipses and those of Jupiter'i 

satellites. 
(460)— What effect follows from the difference of stations of observation ? 
(461)— Show by the diagram why the instant of immersion and emersion 

cannot be determined. What are the most useful observations of 

these eclipses ? 
(462) — Under what circumstances are the immersions and emersions in< 

visible? 
(463)— Give the author's remarks concerning the transits of satellites, and 

their shadows over Jupiter's disc. 
(464) — Mention a singular relation discovered in the mean motions of Ju- 
piter's satellites. What consequence follows? 
(465) — Who discovered Jupiter's satellites ? What historical remarks are 

made on them ? 
(466)— Who first proved the gradual motion of light ? State the reasoning 

given. What further confirmation by Bradley? 
(467)— Wliat is said of the satellites' revolution on their axes? 
(438)— <3ive the author's remarks respecting Saturn's satellites? When 

can their eclipses be observed? 
(409)— Bow many satellites has Uranus ? What peculiarities in their mo- 

2L2 
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CHAPTER X. 

(470^Repeat the seneral remarks on comets. Can any ezplanatioD of 

their taiU be made 1 
(471)— How many comets are there? What very bright comets hare ap- 

p.Mireil 1 
(473) -Ciive a description of a comet. How larre have tht^ir tail* appeared? 
'^473)— Is th(> tail alwayn present ? What comet had several tails ? 
(474)— What is said of telescopic comets ? What does the aiitlior conclude 

concerning their sutnjtance? How does it compare in dcusity 

with clouds? 
(475)— T«) what in this development of comets' atmospheres owing ? 
(476)— What reason is there for believing that the nucleus is something 

like dense smoke or foj;? 
377)— Give the author's remarks on the motions of comets. How does 

their size vary ? 
478)— Who first proved that comets are subject to the laws of gravity ? 
(470) — What is necessary in order to determine the orbit of a comet ? 
(4.':0)— What curve will irenerally represent their orbits? What is said of 

roniets moving in hyperbolas? What of thoae moving in ellipses? 
(4H1)— What is the most remarkable romet ? How nearly was its return 

pnwlicted by Clairaut in 1759 ? Who predicted its return in lc35 1 

What effect was pro<luced by its appearance in furnier aees ? 
(433)— What other remarkable comet was discovered in 1819? What is its 

DijricMl ? 
(483)— What sinrular fact has been discovered in the pertodaof thiacumet? 

How irt it accounted for? 
(484)— Who di.ocovored the other comet ? What is ita period ? What sin- 

eularity in its orbit ? 
(485)- What vft'ct had Jupiter on the comet of 1770? Kd the eomet dBS* 

turb Jupiter or his satellites ? 
(48«) — ^Wliat is remarked of the volume of the comets? 
(4v*'7)— Give examples of th(>ir sizes. How is the diminution of their tails 

in successive revolutions accounted for? 
(488)— What change has been remarked in the dimensions of Enka*aeoBMt ? 

CHAPTER XI. 

(480)— What are perturbations ? Prom what do they arlae f 

(400)— Was Newton aware of the exirtcnce of these pertMrbtttionsf Why 

did he not compute tliem ? Will his law of gravity explain them? 
(401)— What is necessary to compute theee perturbtttians? What is the 

author's object in descrnuuff them ? 
(4''2)— What is the effect of a third body on two bodies moving itmnd each 

other? 
(403)— How do the masses of the planets compare with the min's maas? 

What is the chi(>f a?ent in disturhini; the motion of aecondarie* ? 
(404)— What prinriplc in mechanics is mentioned concerning the «•««■• 

tarij erti-cts of disturbiner forc<*s? Wliat comparison is given to 

illustrate them ? In what instances must the ekanget in theae par- 

turbations be computed? 
(405)— To what then is the problem of dvtturhancea redoced? 
" -IIow does the intensity of the disturbing force raiy ? 

-Illustrate by a diasrram the effect of a disturbing rorcc in ch an gif 

the orbit of the disturbed body. What is a curve of dooMe curr^ 

ture ? 
f408)— IIow is this disturbini; force resolved ? 

r4iK))— Tender what configuration docs the line of nodes rttrog rwi tt 
^300) — Whrn does it advance? 
(501)— In thi8ras4> how r^n we determine whether the line of 

vanccs or rctrogjades on the whole ? 



49«)-II< 
(407)-III 
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(ra)— Show that OB the toiMs the rtentfrMfatlm of the oodMexcMd* their 



(803)— What is the greatest pertnrbaUve efiect of the moon od the eartb*B 



place in the ecHptic 7 
-WU - 



(504) — WUat is the efluct of each |rianet't attraction oo the orbit of every 
other planet 7 

(505)— What is tlie motion of the nodes of the planetary orbits on the true 
ecliptic? 

(506)— What is the usual amount of this motion nf the planets* nodes in a 
century ? What danger would result fVom a great change of tlie 
inclinations of their equators to the ecliptic ? 

(507)— Is there any connexion between the momentary changes of recess 
of nodes and of inclination of orbits ? 

(506)— What conclusion follows from the reasoning in the preceding 
article ? 

(509V-What aid is furnished by the integral ealeulug? 

(510) — How are the nodes situated with respect to the disturbing force in 
case I. ? What effect takes place on the inclination in a whole 
revolution 1 

(511)— How are the nodes situated in case IT.? Does any change in place 
of nodes ur in inclination take place ? 

(512)— How are the nodes situated in case III.? How are they affpcted, 
and how is the inclination affected in a whole revolution in thi« 
position ? 

(513)— IrM be supposed at rest, what will be its effect upon the inclinatiou 
in a WHOLK rbvolotion of thk nodk? 

(514)— Show that the error will be very small if we suppose M distributed 
like a solid ring over ever>' point of its orbit. What compensation 
takes place in this case ? What minute variation remains unconi* 
pensated in a synodic period of M ? How is this latter variation 
compensated in a revolution of the nodes? 

(515) — Repeat the theorem of Lagrange. How does this theorem guaran- 
tee the stability of the system ? 

(516)— How much does the obliquity diminish in a century ? Is this dimi- 
nution periodical ? What is its greatest extent? 

(517)— What other phenomenon is mixed up with the variation of the ob- 
liquity of the ecliptic? 

(518)— Describe the precession of the equinoxes. What is the cause of this 
phenomenon ? 

(519)— What two effects would follow from the supposition that P in the 
three preceding figures is a fluid rin^ ? 

(520)— What compensation will take place if we suppose the ring to be in- 
flexible like a hoop? 

(521)— Will the nodes in this case recede as they do when a single mole- 
cule is considered ? 

(522)— Will the rotation of the rine change this result ? 

(53:))— What then would be the motion of such a ring? What eflf&ct on 
this motion would be produced by attaching to it an inert mass to 
be carried with it ? 

(534) — Illustrate by tlK^ diai;ram the effext of the recession of the moon^s 
nodes on the place of the earth's axis in the sphere of the heavens. 

(535)— Are these effects the same as precession and nutation ? Do analysia 
and observation lead to the same conclusion respecting the coeffi- 
cients of precession and nutntion ? 

(596)— Mention " the principle of forced vibrations." 

(527)— Give the instances of this effect in the case of annual and monthly 
precessions. In the rnse of tlie tidos. 

(538) — Show that the moon's attraction must raise the waters on each side 
of the earth. In the line of their centres. 

(SCO— What is tin* eff'Ct of the moon's orbitual motion on this wave? 
How are high and low tides caused? 
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(53D)— Describe the solar tide. What is the cause of fprinf tides f 
(531)— Describe the priming and lagging of the tide. What is the eaose 

of it? 
(533)— What is meant by the "establishment of the portr* What ii 

meant by " slack water ?" high and lew waUr ? 
(533)— How do the sun's and moon's declination affect the height of the 

tides ? What period in the tides is thus introduced ? 
(534)— What is the proportion between the highest spring tide and lowest 

neap tide 1 
(535)— Are th(>rc solar and lunar tides in the atmosphere? 
(53G;— What reason does the author give for considering the perturbationf 

in planets as perturbations of the orbit rather than of motion in 

the orbit ? Illustrate the advantage of this method in the case of 

the change of eccentricity of the earth's orbit. 
(537) — How then do geometers rei^ard these changes ? 
(538)— How are periodical inequalities distinguished flrom aecular variations f 
(539) — Must these periodic inequalities be estimated in describing the aC' 

tual motion of the planets ? 
(540) — Illustrate by the diagram the nature of the tangential and raits/ 

disturbing forces. 
(541)— Which of these forces interferes with the equable description of 

areas? 
^542)_What disturbances docs the radial force produce ? 
r543)_ Illustrate by the diagram the action of this force. 
(544)— What would follow if the orbit was circular? 
(545)— Show that these disturbances in angular motion are ultimately com- 
pensated. 
(54(5)— what advantage arises from the periods of the planets being is* 

commensurable ? 
r547) — Give a description of the great inequality of Jupiter and Saturn. 
(54d; — In huw much time does this inequality undergo a full oompen* 

sation ? 
(549)— Repeat the ftirthcr remarks on this great inequality. Who first ae> 

counted for it ? 
(550)— Mention the amount of this inequality. What remarkable coinci- 
dence between theory and observation does this furnish ? 
(551)— What cause diminishes the amount of this perturbation ? Of what 

order are the terms in which this uncompensated portion is ex* 

pressed ? 
(552) — Describe the equality of long period between Venus and tbe earth. 

Of what order an; The terms on which it depends? Wiio detected 

and explained this inequality ? 
(553) — What is the most important lunar inequality ? Who discovered it f 

Who explained it ? 
r554)— What other part of the disturbing force remains to be-considered ? 
(555) — Explain the addititious force — the ablatitious force. 
(556)— What is shown respecting the attraction of a ring on its centre? 

On a point without its centre? How then do tlM effects (^ the 

radial forct' vary ? 
(557)— What is then the average effect of a superior planet on tlie period 

of an inferior planet and vice versa ? 
(558)— How can this disturbance be detected ? Are we sure that such dis* 

turhances are small and unimportant in the theory <^ their 

motions ? 
(559) — Mention the disturbing effect of the sun upon tbe length of tfat hi- 

nations. 
(560)— What is the secular acceleration of the moon^s mean motion f Who 

pointed it out ? Who accounted for it ? 
(561)— Would the periodic time of the moon be compensated in a gnat 

many years if the ellipse of the earth's orbit remained invariablef 

What slow changes does the earth's eccentricity undergo? WIU 

the earth's orbit ever become a circle ? What chanf e will ibM 
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follow 1 What idea can we form of the period of thete ehanget ? 
In all these changes how is the moon's mean motion afl^ted? 

/868)— What illustraflon does this secular variation furnish ? 

\9B3)~What are the two kinds of changes which the planetary orbits nn- 
dergo ? Who proved that there is no third class ? What element 
of the planetary ellipses is independent of these secular variations ? 
On what then does the periodic time of a planet depend ? What 
very important conclusion follows respecting the length of the si« 
dereal year at all times ? 

(564V- What is remarked of this theorem ? 

(565)— What general property of elliptic motion is here stated ? Who de- 
monstrated it? What circumstance alone can cause the major 
axis to vary ? 

(566)— Can any change take place in the major axis without changing the 
velocity of the planet? Does the direction of the force causing 
this change of velocity have any effect ? How then does a compen- 
sation take place in the changes of the major axis in a long period 
of time? 

(567)-— On what then do the variations of the major axes of the planetary 
orbits depend ? 

(568)— What is the object of several of the following sections? 

(569) — Describe the experiment that illustrates the motion of the apsides in 
lunar and planetary orbits. 

(570^ — Give at length the author's explanation of this experiment. 

(571) — Apply this reasoning to the motion of the moon round the earih. 

(573) — What is the motion of the apsides in the syzigies? What in quad 
rature ? What is the average result ? 

(973) — What other force causes the lunar apogee to advance ? Why does 
not a compensation take place in a synodic revolution ? What 
singular effect of these forces is mentioned in the close of the se* 
tion? 

{Sf4) — What difficulty did Newton encounter in explaining this disturb- 
ance? Who removed this difficulty? 

(JP75)— How does the displacement of the line of the apsides BfTect the ec- 
centricity in fig. Ist ? How in fig. 2d ? How are these disturb- 
ances compensated ? What general conclusion follows respecting 
the mean eccentricity of the moon ? 

(576)— Mention the variations of the eccentricities of Jupiter and Saturn. 
What is their period ? What is the period of mutual compensa- 
tion of the eccentricities of all the planets? 

(577)— On what does the mean amount of light and heat of a planet 
depend ? Can the eccentricity of the earth ever become very great ? 
Repeat Laerange's theorem. What follows from this ? Give the 
remarks contained in the note. 

(578)-rWhat effect has the spheroidal form of the earth on the moon's mo- 
tions? Does this remark apply to all satellites? What circum- 
stance prevents Saturn's 7th satellite from being forced to move 
in the plane of Saturn's equator ? Why is not the ring disturbed ? 

(579)— How can we determine the masses of those planets which have no 
satellites? How does theory aid us? What error has Laplace 
interwoven into all the planetary tables? Who detected tliis 
error? By what means? What confirmation is mentioned by 
Encke ? 

(580) — How are the masses of Jupiter's satellites determined? Can tho 
masses of Saturn's satellites be thus determined? 

CHAPTER XII. 

Arc the stars absolutely " fixed ?" 

Mention the different magnitudes of the stars. Is there any limit? 

Mention the number of stars of different magnitudea. 
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(584)— State the eomparutive quantities of light of the diflferent migni* 

tudes. 
(585)— What is said of the distribution of the bright stars in the heavens? 

What of tho small stars J 
(586) — H(tw does Sir William Herscliel suppose the earth to be situateil in 

the starry hpavcns ? What does the milky way appear to be cam- 

posed of? What idea can we form of the number of the stars in 

tht; milky way ? 
r5P7^_Ip there any known limit to the distance of the stars ? 
(58b) — What use is made of the earth's diameter in the trigonometrical sur- 
vey qf the heavens? What use can be made of the diameter of the 

earth's orbit on its annual parallax? What coiiclusiou does this 

afford ? 
r5pp> — How far off then is the nearest star / 
(5G0)^How may we conceive of this distance T In how long time would 

lif^ht travel the nearest distance of a star ? Row long hai* tlie light 

of the small or more distant stars been travelling to reach us? 
(591) — Prove that Sirius is twice as bright as the sun would be at the same 

distance? 
(5fl2)— For what purpose were these stars created ? 
(5iK))— What is remarked of the star Ouiicron Ceti 7 
(594)— What is said of Algol ? 
(595)— Are the causes of these changes known ? 
(596>— What led Hipparchus to make a (ratalogue of the stars 7 ' Deacribe 

the bright star seen by Tycho Brahe. 
(597)— Are similar occurrences still taking place ? 
(598/— What is said of Castor? How many double stars have been disoi^ 

vered? 
(599) — Show that the earth's annual parallax might give motions to stan 

optically double. 
(600)— What is the angle <tf position of a douUe star 7 How can it bt 

measured ? 
(COl)— Mention the advantages of this method. 
^6(^2)— What motive Arst induced Sir William Herschcl to undertake this 

kind of measurement ? What discovery diverted his attentioB 

from this object? 
(603)— What would be the apparent motion of one double star compared 

with the other from systematic parallax ? How long did he otMervs 

them for the purpose of discovering this parallax ? 
(604)— When did he announce the discovery of binary stam? What is meant 

by binary stars? How many did he adduce ? • Wliat periods of or> 

bits did he assign ? 
(f>05V-WI>at is» remarked of this catalogue? 
(COG)— Who first computed an orbit of a double star? Who next 1 Knee 

there are nine now known, how many were determined by the 

author? 
(COT)- Which is the most remarkable of those? 
(608)— What is said of 17 (Eta) Corone ? Does the Newtonian law of gra- 

vily explain tijese revolutions ? 
(609) — Give the author's remarks on the nature of these revolutions. 
(610)— Give instances of double stars presenting a variety of colours? 
(Oil) — Wljat proper motion have the two stars 61 Cygni ? What single ftai 

has the greatest pro|>er motion ? 
(612)— What general motion of the system did Sir William Herschel sus- 
pect ?, Has this been confirmed by sticcecding astronomers f 

Mention the remark of Mr. Pond. 
(613)— What is renmrked of groups of stars ? How many stars are thew 

in the Pleiades ? How does the author in the note account (or Uw 

multitude of stars we see in a general view of the heavens? 
(6t4) — Give a description of Pnescpc. Of the cluster in the sword handleof 

Perseus. Olohular clusters. 
615) — Give the author's further remarks on globular clusters. 
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{BIA— Mention Sir William Hcrschers six classes of Nebute 
[61^ — How.does he regard the irregular chistrrs ? 

(OIB)— Are all clusters probably rtsoloable with telescopes of suffldeni 
power ? 

idlftj — What two remarkable iiebulee are doscrihed? 
620) — Describe the nchula near v ;Nu) Andromeda. 
C2n — Dewcribe the nebulous ptnrs. 
(j23>— What remarkable annular nebula is mentioned? 
633)— What is remarked of planetary nebulae? 
634)— Wliat is remarked of No. 51 of Mossier's catalogue ? What of the 

87th? 
^635^— Is it probable that all nebnis consist of stars? 
(^6) — What circumstance renders it probable that the sun is a nebulous 
star ? Describe the zodiacal light. 

CHAPTER XIII. 

(687) — How can time be measured ? 

(688)— What natural units of time are mentioned ? What inconvenience 
have they ? 

(639)— What are the two most invariable measures of time? What varia- 
tion has the tropical year ? 

(630)— What is said of the ivcommensurability of the year? 

i63l) — How is this inconvenience obviated in the Gregorian Calendar? 

(633)— State the Gregorian rule. What is the error in this rule in 10,000 
years? What improvement might be introduced? 

(633) — What are bissextile or leap years ? Intercalary or leap days? 

(634)— What year was used from Numa to Julius Csesar ? What improve- 
ment did Julius Cssar introduce? 

(635)— What fault remained in the Julian Calendar? Who reformed it? 
When ? When was this change adopted in England ? What 
country still uses the old style ? 

( d36) — What aids does astronomy furnish in recovering dates ? 

f637)— What nations divide the year into lunar months ? 



THB END. 
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